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Shallow to emergent basaltic subaqueous explosive eruptions, here referred as 
Surtseyan, are a source of pyroclastic material expelled from subaqueous vents and 
transferred to the water column and atmosphere. They can threaten coastal communities in 
different ways. One of these is through the generation of pyroclastic density currents 
travelling over water once the eruption becomes subaerial, and which may be preceded or 
accompanied by eruption-fed currents moving along the sea/lake floor; another potential 
danger offered by these eruptions is from the subaerial eruption, which can deliver hot 
fragments locally and abrasive ash over hundreds or thousands of km2. Both for their potential 
hazard, and to better understand the mechanics of such eruptions as one class of volcanic 
thermodynamics, these volcanos have been the subject of significant investigations for more 
than 50 years, particularly since the start of the Surtsey eruption in 1963. One approach for 
studying the early stages of these eruptions is through analysis of their proximal, edifice-
building deposits, but these are commonly either inaccessible (under water) or poorly 
preserved by the time they are exposed subaerially. The sites selected for this work, Pahvant 
Butte, Utah, and Black Point, California, USA, overcome these limitations. These volcanos 
were formed in the late Pleistocene by eruptions at hundred-meter depths in the giant former 
Lake Bonneville and Lake Russell respectively. The water is now drained and all the deposits 
(both edifice-forming and at medial distances on the old lake floors) are easily accessible and 
maintain a good level of preservation. This allowed me to investigate the eruption dynamics 
and conduit conditions of these volcanoes, potentially extendable to other Surtseyan 
volcanoes.  
The combination of field-based work, granulometry, geochemical analysis of major-
elements (glass, minerals and melt inclusions) and dissolved-water content of tephra glass, 
and particle tomography allow me to reconstruct the pre-eruptive and syn-eruptive dynamics 
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for Pahvant Butte and Black Point. Overall, the results suggest that the explosivity of these 
two monogenetic volcanoes was mainly driven by hydromagmatic explosions, with gas 
expansion only playing a secondary role. Inferred eruption dynamics are consistent with those 
inferred by previous authors, and the eruptions yielded ash dispersed both by eruption-fed 
density currents subaqueously, and subaerially by wind. This study demonstrates that 
eruption-fed density currents generated prior to eruptive emergence can travel up to > 20 km 
on a nearly horizontal lake floor (i.e., Pahvant Butte), even in early stages of the subaqueous 
eruption. In this work, it is shown that geochemistry can be a powerful tool for correlating 
edifice-building tephra with ash deposited in proximal/medial locations, based on the magma 
evolution recorded in the glass. 
Another way to study shallow subaqueous explosive eruptions is through experimental 
investigation. I carried out underwater experiments at bench scale to investigate the behaviour 
of particles transferred to the water column from underwater explosive bursts. In the natural 
counterpart, there are two different types of particles involved in the explosions, juvenile 
particles, directly produced by the magma fragmentation, and non-juvenile particles (sea/lake 
floor sediments or country rock sediments). The former ones are initially dry, while the latter 
are wet, and these conditions were investigated independently during the experiments. The 
results show that these two conditions impart different particle behaviours. Wet particles are 
better coupled with tank water than are dry particles, and this behaviour can be associated 
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CHAPTER 1 SURTSEYAN VOLCANISM 
 
1.1 Project rationale & Aims 
 Volcanic explosive eruptions cover a wide spectrum of styles all around the world. 
From moderate effusive activity (Hawaiian and Strombolian) to violent explosive eruptions 
(Sub-Plinian, and Plinian) (Walker, 1973). Ancient and recent history tells us that these 
events can have large and widespread effects on human activities (e.g., Robock, 2000; Folch 
and Sulpizio, 2010; Schumann et al., 2011). For this reason, volcanologists have been 
studying such phenomena in ever-greater depth, so that we can improve our knowledge and 
reduce the levels of unpredictability that these natural systems now offer. Subaerial volcanic 
eruptions are highly visible to humans, but represent just a small part of the activity existing 
on our planet. The majority of annual magma output is erupted during underwater volcanic 
activity, mainly from oceanic ridges and deep-ocean volcanoes (Soule, 2015). The main focus 
of this thesis is on shallow-water and emergent volcanoes (pre-eruptive depth < 1 km), here 
referred as Surtseyan (White, 1996a). These represent a danger for human beings, especially 
for those living in coastal communities, and can have an impact on human lives through both 
direct and indirect consequences of an eruption. Direct consequences of the eruption itself, if 
it breaches the water surface, can include plumes of hot particles and water vapor, pyroclastic 
flows, and massive volcanic bombs travelling on ballistic trajectories, all spreading out at 
short or longer distances (Deligne et al., 2017). Indirect outcomes are related to generation of 
tsunamis that can reach the nearest coasts in a relatively short time (Nomikou et al., 2014). 
 A range of studies have focused on the importance of assessing Surtseyan eruptions, 
and the impact that they had, or can have, on humans. Queiroz et al. (2008) show how among 
different eruptive styles, submarine emergent activity represents a reasonable risk of future 
activity at Sete Cidades volcano (São Miguel Island, Azores). Sandri et al. (2012) provide a 
quantitative probabilistic hazard assessment for base surge resulting from possible 
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phreatomagmatic eruptions in the Auckland volcanic field, a densely populated area. Becerril 
et al. (2013) outline the necessity of assessing the volcanic hazard of El Hierro island, 
especially after the submarine eruption (300 m b.s.l.) in 2011, which strongly affected the 
local communities in economic terms, having a negative impact on tourism and local 
economy for the whole duration of the state of alert (July - October). These are only a few 
examples of how shallow underwater volcanic eruptions, or generally 
phreatomagmatic/hydromagmatic eruptions, pose a substantial role hazard to human 
activities. 
 Such eruptions have mostly been analysed and described from observations of their 
subaerial part, supported by our ability to easily make direct observations of the processes 
taking place above the water surface. Since direct observations of the submerged part of these 
eruptions is unlikely to take place (at least for eruptions of Surtseyan intensity), we are left 
with options of either studying the underwater-emplaced hydromagmatic deposits (e.g., 
White, 1996a; Verolino et al., 2018b), in order to provide possible interpretations of the 
dynamics in the upper conduit just before the eruption takes place, along with all the 
processes affecting the explosion area and surroundings during and after the eruption, or 
undertaking experimental investigations of such phenomena (Verolino et al., 2018a). 
 Here I aim to provide a comprehensive suite of data for my case studies, building on 
previous work, in order to contribute to the geoscientific community's understanding of 
Surtseyan volcanism. In addition to a field work-based approach and conventional grain size 
techniques (i.e., sieving, particle laser diffractometry), I used techniques rarely applied in 
investigations of shallow underwater volcanoes. These techniques, already successfully 
adopted for other volcanic environments, include: computed micro-tomography (µ-CT), 
which have provided three-dimensional data of vesicles and other internal features of 
pyroclasts, and Fourier Transform Infrared Spectroscopy (FTIR), to find the volatile content 
in glassy pyroclast groundmasses. In addition, I provide a new suite of geochemical data 
(from edifice-forming to relatively proximal/medial deposits), which are used to infer aspects 
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of eruption dynamics for the volcanoes studied. Finally, experimental work simulating aspects 
of moderately explosive subaqueous volcanism provide information about the behaviour of 
particles entering a column of water from individual eruptive bursts.  
Computed micro-tomography and Fourier Transform Infrared Spectroscopy are nearly 
new to Surtseyan deposits, but not new to classic subaerial or deep marine volcanic deposits. 
Polacci et al. (2008) utilize µ-CT to obtain 3D data from scoria deposits of Stromboli volcano 
(Italy), allowing them to reconstruct degassing pathways of magma during the volcano's 2005 
activity. Polacci et al. (2009) investigated the dynamics of explosive activity at Mount Etna 
(Italy) by combining 2D and 3D vesicularity data from scoria samples, and syn-eruptive 
measurements of gas compositions during the 2006 activity. Burton et al. (2003) measured 
the volcanic gas compositions from each of the craters of Mount Etna in 2001, by using FTIR, 
and obtained relevant constraints on degassing dynamics. Schipper et al. (2010) benefited 
from FTIR data in assessing explosivity of the deep-sea eruption of Lō`ihi Seamount, Hawaii, 
USA.  
 This thesis is presented as follows: background on Surtseyan eruptions, particularly on 
the type example of Surtsey, are provided in Chapter 1; after describing the methods adopted 
for this dissertation (Chapter 2), case studies of Pahvant Butte and Black Point are presented 
in some detail (Chapters 3 and 4) including deposit characteristics, geochemistry, three-
dimensional vesicle micro-textures and glass water content. Together these allow me to 
interpret both intra-conduit processes and possible eruption dynamics. Chapter 5 presents the 
experimental investigation into individual subaqueous particle-bearing bursts of low-medium 
intensity, which was intended to extend our understanding of primary particle transport from 
eruptions under water. Finally, Chapters 6 and 7 provide the general interpretations made for 
Pahvant Butte and Black Point, and a summary of the present PhD work. Note that part of 
Chapter 3 is based on a paper published in the Journal Bulletin of Volcanology (Verolino et 
al., 2018b), and Chapter 5 refers to a paper published in the Journal of Volcanology and 
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Geothermal Research (Verolino et al., 2018a). Appendices are included at the end of the 
dissertation. 
 
1.2. Surtseyan eruptions and the type-example of Surtsey 
 Surtseyan volcanism takes its name after the birth of the volcanic island of Surtsey 
(Iceland) in 1963. It generally refers to explosive interaction between surface water (e.g. 
sea/Lake) and rising magma. The typical case of Surtseyan activity, and focus of this 
dissertation, is the occurrence of shallow submerged explosive eruptions that build a volcano 
that is exposed and produces subaerial jets and plumes during eruption. I will refer to the full 
suite of activity, from fully subaqueous explosions, to those that are initiated under water but 
pierce the surface to eject material into the atmosphere, to those that are wholly subaerial once 
the edifice has built above the water surface, as Surtseyan in the following sections. 
 In terms of classification, Surtseyan eruptions occupy a peculiar position on the 
diagram of explosive volcanic eruptions proposed by Walker (1973). In this diagram, the 
Surtseyan field occupies about 45% of the entire classification space, with moderate-low 
surficial areas of dispersal, and variable degrees of fragmentation that are systematically 
higher than for eruptions with equivalent dispersal along the main band of eruptive styles 
(Fig. 1.1). During the emergent phase of Surtseyan activity, well observed features have been 
described as follows: (1) tephra jets (or cock’s tails plumes) made of tephra, steam and 
sometimes marine/lacustrine material, breach the water surface to form a pulsing plume that 
rises hundreds of metres or a few thousand of meters into the air; (2) continuous uprush of the 
same mixture of material, but forming a sustained eruptive column that can suffer collapses 
and form pyroclastic surges (often called base surges) that flow down into the sea/lake or over 
it (e.g. Capelinhos eruption 1957-1958, Azores islands, Portugal, Waters and Fishers, 1971; 
Cole et al., 2001). Ballistic bombs lead the heads of tephra jets as a notable part of such 
activity, while the internal, composite, structure of such bombs gives insights into complex 
processes of clast recycling in the vent (Schipper and White, 2016). 
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 Only a few works have addressed the processes affecting the vent site, and 
surrounding areas, during fully submerged initial growth of Surtseyan volcanoes (e.g., 
Thorarinsson, 1967; Waters and Fishers, 1971; Kokelaar, 1983; Cole et al., 2001; 
Németh et al., 2006; Schipper and White, 2016), and all the work is based on outcrop 
observations of old deposits plus micro- and macro-textural studies of the primary edifice-
building deposits. White (1996a) attributes specific mechanisms to Surtseyan eruptions, 
based on his study of the 18 thousand-year-old deposits of the emergent Surtseyan volcano 
Pahvant Butte, Utah, USA. He considered that a) the initial stage was characterised by steamy 
tephra jets that advanced within sub-spherical spall domes generated by the first 
phreatomagmatic explosions; b) the spall domes collapsed, bubbles rose and 
 
 
Fig. 1.1. Classification scheme for volcanic explosive eruptions proposed by Walker (1973). The field of Surtseyan 
eruptions (orange) occupies approximately 45% of the entire scheme, with highly variable degree of fragmentation 
(Fi) for a moderate-low surface area dispersal (D). 
 
tephra jets condensed to release tephra particles into water column; c) tephra particles settled, 
entraining water and forming laterally flowing sediment gravity flows; d) subsequent pulses 
generated new spall domes and the process was repeated. This sequence of processes 
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contributed to the growth of the subaqueous mound, with periods when there was a 
continuous uprush of a steam column, until tephra jets breached the water surface and a 
classical tuff cone was formed subaerially.  
 
 Surtsey (the fire giant Surtur’s island, in Icelandic), is itself one of the volcanic 
Vestmann Islands (Vestmannaeyjar, Fig. 1.2), and formed in an eruption that began in 1963 
and continued until 1967. In part because it was extensively observed by the highly capable 
volcanologist Sigurdur Thorarinsson (Thorarinsson et al., 1964; Thorarinsson, 1967), it 
became the "type example" of shallow to emergent subaqueous explosive volcanism. Across 
the time of its eruption, it showed a range of different eruptive styles, including explosive 
episodes generally considered to have been driven by explosive magma-water interaction 
(Thorarinsson et al., 1964; Wohletz and Sheridan, 1983; Kokelaar, 1983, 1986). The 
eruption was first visible at the surface in the early morning of November 14th, 1963, when 
people on board of the fishing vessel Ísleifur II noticed black "smoke" rising from the sea, 
initially mistaking it for a burning ship. From the next day, Icelandic geologists, primarily 
Sigurdur Thorarinsson, had the eruption under direct observation, with repeated observations, 
sampling and monitoring throughout the ~3.5 years of activity. According to the description 
by Thorarinsson (1967), two main types of explosive activity were observed: one which took 
place when seawater flooded the vent region (vent in a shallow underwater position), resulting 
in a mostly pulsing activity with emission of grey/black tephra jets that had volcanic bombs at 
their leading edges; when the other activity took place tephra dams blocked seawater from 
flooding the vent, and was characterized by continuous uprush, with formation of a sustained 
column of tephra and vapor that reached heights of 1 to 2 km (Thorarinsson et al., 1964). 
 Retracing the progression of the eruption, it is estimated that the activity began on 
early November 1963, on a relatively flat seafloor, at about 130 meters below sea level. The 
eruption is inferred to have started from a submarine fissure, with no effusive activity 
recorded (Stefansson et al., 1985; Jackson et al., 2015), and built up to the surface in a few 
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days. This first pyroclastic activity built the foundation of Surtsey, with the initial emergent 
vent surrounded by a subaerial tephra cone named Surtur I. Approximately a month later, new 
pyroclastic activity started at another subaqueous vent, ~2 km NE of Surtsey, named Surtla; 
however, it ceased a few days later, and the edifice was never seen to have reached sea level 
(though there were observations by Thorarinsson of explosive flashes "just below the surface" 
(Thorarinsson, 1967). On late January 1964, the pyroclastic activity on Surtsey shifted to 
another vent (~500 m west of Surtur I), Surtur II, becoming effusive about two months later. 
The effusive behaviour persisted until May of 1965, until a new pyroclastic activity began 
~600 m NE of Surtsey, at the vent Syrtlingur, with intermittent eruptions until October of the 
same year, building up a submarine edifice of about 70 m height at its maximum extent. Soon 
after it ceased erupting, another edifice grew as the final satellite vent, Jólnir (~800 m SW of 
Surtsey), which breached the water-surface at Christmas 1965 and persisted until August 
1966. From the end of this last activity on, the eruptive style at Surtsey was exclusively 
effusive, focused at the former vents of Surtur I and Surtur II and surroundings. The effusive 
activity lasted until June 1967, and, unlike Syrtlingur and Jólnir, which were entirely made of 
pyroclast products, lava deposits ensured the preservation of Surtsey island from erosion long 
enough for it to become palagonitized, which will ensure relatively long-term preservation 
(Romagnoli and Jakobsson, 2015).  
 Through the whole of its activity (summarised in Table 1.1) the eruption that produced 
Surtsey emitted a total of ~1.1 km3 of material (mostly tephra), and an island that reached a 
height of ~174 m above sea level and extent of ~2.7 km2. Today the island has been 
significantly reduced by waves and wind action. The two other islands formed, Syrtlingur and 
Jólnir, did not survive more than a few months after eruption from those vents ceased. 
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Fig. 1.2. Google Earth image of Surtsey island, located about 40 km south from the main Iceland shoreline and 
part of the Vestmann Islands (Vestmannaeyjar). Positions of individual vents (Surtur I and Surtur II) are labelled. 
 
Table 1.1. Eruptive history at Surtsey. 
Vent Start of eruption Duration Activity 
Surtur I Nov. 1963 c. 2 months Pyroclastic 
Surtla Dec. 1963 a few days Pyroclastic 
Surtur II Jan. 1964 c. 1 year and 4 months Pyroclastic+Effusive 
Syrtlingur May 1965 c. 5 months Pyroclastic 
Jolnir Jan. 1966 c. 8 months Pyroclastic 
Surtur I, II Satellite Vents Aug. 1966 c. 11 months Effusive 
 
 In response to the detailed observation of Surtsey's eruption, its processes and 
characteristic deposit types were recognized for other eruptions taking place in similar 
subaqueous settings (e.g., 1957-1958 Capelinhos eruption, Azores Islands, Portugal; Waters 
and Fisher, 1971; Cole et al., 2001).  
 For Surtsey, there are detailed descriptions provided by Thorarinsson (1967) and 
interpretations by later authors (e.g. Bennett, 1972; Kokelaar, 1983; Nemeth et al., 2006), 
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which refer to processes occurring above the water level. Study of the underwater 
mechanisms of a Surtseyan eruption is possible either by applying a direct method, like 
observations at depth using submersibles, or by studying the pyroclastic deposits at different 
scales. The former has never been performed for shallow underwater eruptions of significant 
explosive intensity, and optical observations are probably not possible because ash in the 
water column strongly increases water opacity. Study of subaqueous deposits is most 
effective where the deposits are well preserved, with easy accessibility a bonus. Both Pahvant 
Butte and Black Point, western USA, are accessible and well-preserved, and are the focus of 
the present dissertation.  
 
1.3. Choice of case studies: Pahvant Butte, Utah and Black Point, California  
 When geoscientists deal with modern subaqueous volcanoes, one of the main 
challenges is accessing their deposits. In the specific case of subaqueous to emergent 
Surtseyan volcanoes, this problem is limited to the submerged portion of the volcanic edifice, 
but it is still a major limitation to understanding the sum of processes involved in building a 
Surtseyan volcano. Pahvant Butte and Black Point, in the western USA, represent two 
examples of subaqueous to emergent Surtseyan basaltic volcanoes formed in the Pleistocene 
Epoch, both of which erupted in relatively shallow water depths (~85 m and ~105 m 
respectively) of broad and deep host lakes. The advantage in studying these volcanoes lies in 
the fact that the water is now drained, and all the deposits are well-preserved and easily 
accessible. This allowed me to acquire a robust suite of data, supporting comparisons with 
similar volcanoes from a 360° perspective (from conduit processes to eruption dynamics). 
Pahvant Butte and Black Point present many similarities, but there are also differences in their 
regional geology, magma evolution through the eruption, edifice geomorphology, deposits 
(e.g. grain size, textures, structures), and grade of alteration and eruption dynamics. All these 
particular features in combination allow me to provide insights not only on the nature and 
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evolution of these volcanoes, but also to potentially extend these insights to other Surtseyan 
volcanoes. 
 Previous work by (Murtagh, 2011) analysed the conduit conditions during magma 
ascent at the time of fragmentation for Pahvant Butte and Black Point. She focused on the 
analysis of pyroclastic micro-textures (2D characterisation of vesicles in tachylite and 
sideromelane glass) and morphology of the ash fraction (published data available for Black 
Point, Murtagh and White, 2013), in order to provide insights on the fragmentation 
processes that took place at these volcanoes, using techniques typically used for subaerial 
volcanoes. 
 
1.4. Role of volatiles in magma and melt inclusions 
1.4.1. Volatiles in magma 
Volatiles in magmas exert a strong control on eruptive behaviour. The two most 
abundant volatiles in silicate melts are H2O and CO2, but the most used to assess the eruption 
dynamics is H2O, due to the lower solubility of CO2, which is nearly totally degassed at 
crustal depths for basaltic melts (e.g., Dixon et al., 1995). Water has a direct influence on 
magma properties and rheology. The effect of 1 wt% dissolved H2O on the density of a 
basaltic melt would be equivalent to increasing the temperature by ~400 °C or decreasing the 
pressure by ~500 MPa (Ochs and Lange, 1999). In addition, dissolved water strongly affects 
melt viscosity (e.g., Giordano and Dingwell, 2003), and water exsolution during magma 
ascent causes melts to become increasingly viscous, and this also affects the melt 
crystallization. Water exsolution enhances crystallization, particularly of plagioclase, whereas 
adding water to a melt depresses plagioclase crystallization in basaltic systems (e.g., 
Pichavant and Macdonald, 2007). Given the strong pressure-dependent solubilities, and the 
permeability of many vesiculated pyroclasts, the volatile components are almost totally lost 
from eruptive subaerial volcanic products before they cool and solidify. However, in 
subaqueous settings, the quenching of volcanic particles freezes-in the immediate pre-eruptive 
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conditions, preventing the melt from fully exsolving all volatiles. Water content of magmas 
during subterranean crystal growth can be investigated through the analysis of melt 
inclusions. Water content of melt as it was erupting is addressed by analysing glass produced 
by quenching during or immediately after fragmentation. Another application has been 
provided by Nichols et al. (2014), who used samples from the Louisville Seamount Trail, 
southwest Pacific, to infer the pressures at which the magma quenched, therefore the paleo-
eruption or emplacement depth. 
 
1.4.2. Volatile exsolution 
 As highlighted in the previous section (1.4.1), volatiles are dissolved in magma at 
depth with a strong pressure dependence. This means that rising magma moving from high to 
low pressures exsolves volatiles as it rises towards eruption. When water exsolves it fills 
bubbles, whose growth and related processes such as coalescence, ripening and collapse, exert 
a strong control on magma ascent and eruption dynamics (e.g., Spark, 1978). Part of the gas 
from the magma can escape through outgassing at the crater (Polacci et al., 2008). Since 
volcanic rocks cool rapidly when erupted, the rock containing bubbles, initially occupied by 
gas, solidifies and leaves voids with permeable paths "empty" (filled with air), and these voids 
are named vesicles (Cashman and Mangan, 1994). The study of vesicles has become very 
important over the last decades for inferring magmatic processes, from volatile exsolution, 
through fragmentation, up to eruptive styles. Most of these studies begin with measurement of 
the physical properties of volcanic rocks using, for example: 1) optical and scanning electron 
microscopy on conventional thin sections (e.g., Klug and Cashman, 1994), 2) laboratory 
techniques to directly measure parameters like porosity and density (e.g., Klug and 
Cashman, 1994), or 3) stereological techniques to convert 2D vesicle data in 3D ones (e.g., 
Higgins, 2000). The first two are destructive methods and highly time-consuming, and the 
third, which uses the first as a starting point, is based on the assumption that objects (in this 
case vesicles) are spherical, excluding any complex shapes or interconnection between 
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vesicles. The advent of high-resolution X-ray computed micro-tomography (µ-CT), opened in 
recent years new ways to study vesicularity in volcanic rocks (Polacci et al., 2008, 2009, 
2012). This non-destructive method permits the acquisition of a large amount of 3D data in a 
relatively short time (minutes/hours), with minimal sample preparation (only cleaning and 
mounting of particles) required. Furthermore, intense Synchrotron light can be used to 
increase spatial resolution and reduce data acquisition time. The real advantage of this 
technique, however, is the possibility of obtaining information of interconnectedness among 
vesicles, which is not possible to obtain from 2D or stereologically converted 3D data. This, 
besides providing a qualitative information about the coalescence state of the bubbles, allows 
to perform quantitative measurements of magma permeability, from which it is possible to 
assess the degree of outgassing and/or degassing preceding the eruption. For the present work, 
permeability measurements were not performed, but it will be the object of future 
investigations (see also Section 6.2).  
 
1.4.3. Melt inclusions 
 Melt inclusions are small portions of melt trapped within a growing crystal. This 
process takes place when there are some other processes interfering with the growth of a 
perfect crystal, which allows a small volume of the surrounding melt to flow into the crystal 
itself and become trapped. Some processes interfering with the growth of a perfect crystal are: 
(1) strong undercooling conditions or non-uniform supply of nutrients; (2) formation of re-
entrants by resorption followed by additional crystallization; (3) wetting of crystals by an 
immiscible phase (e.g., sulphide melt or vapor bubble) or attachment of another small crystal 
(e.g., Roedder, 1984; Lowenstern, 1995). All these processes may result in formation of 
different types of olivine textures and consequently melt inclusions (Métrich and Wallace, 
2008), but these are not the focus of this work. The most useful thing about melt inclusions 
for this study is that they can be used to assess the nature of the pre-eruption melt at the time 
of inclusion entrapment.  
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1.5. Experimental contribution to subaqueous explosive eruptions 
An indirect way to investigate the behaviour of subaqueous explosive eruptions is by 
conducting experimental work. As part of my PhD research, bench-scale experiments were 
carried out, with the main goal of learning about how particles are dispersed from subaqueous 
eruptions into the water column.  
Several experiments have been conducted in the past with the purpose to study 
jet/plume dynamics in water, but only a few involved the use of particles, and even fewer 
focused on particle behaviour associated with subaqueous environments. Carey et al. (1988) 
investigated the dynamics of two-phase continuous eruptive plumes with experiments using 
water and particles, but scaled analysis of results to focus entirely on subaerial eruptions. 
Clarke et al. (2009) performed experiments with a similar setup as the one used in Carey et 
al. (1988), this time focusing on impulsive bursts, again with analysis only as a scaled one for 
subaerial eruptions.  
Experiments reported here differ substantially from previous works in terms of setup 
and aims. Individual subaqueous volcanic bursts were produced, using pressurised argon as a 
driving force, and pushed/entrained particles upward into a tank filled with water. Argon was 
used because inert, not producing any chemical reaction in air, therefore suitable for this 
setup. A range of particle conditions and materials were tested, with the aim of reproducing 
aspects of behaviour for a natural shallow subaqueous eruption of low/medium intensity. The 
aim was to examine how particles are transferred to the water column and sedimented from it, 
and to visualize and interpret evolution of the 'eruption' cloud. Understanding particle transfer 
to water is a key requirement for using deposit characteristics to infer behaviour and evolution 
of an underwater eruption.   
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CHAPTER 2 METHODOLOGY 
 
In support of work reported in this dissertation, different techniques were used to 
obtain data from experimental, laboratory and fieldwork. For most of the techniques adopted 
here, I will refer to the samples utilised in previous studies (e.g. BPa1966, Murtagh, 2011) as 
well as those collected from my more-recent fieldwork (May-June 2016) in the western USA 
(e.g. D3A2L1). 
Techniques used include: Energy-dispersive X-ray spectroscopy (EDS), X-ray micro-
computed tomography (µ-CT), Fourier transform infrared spectroscopy (FTIR), wet-laser 
diffractometry and, a purpose-built experimental apparatus. 
 
2.1. Sampling 
The main target of sampling for the present work, for both Pahvant Butte and Black 
Point, was the grain size fraction ranging from very fine ash to fine lapilli (White and 
Houghton, 2006), from both pre-emergent mound, portions of the tuff cone/tuff ring rich in 
glassy juvenile non-palagonitized material, and relatively proximal/medial ash-sheets (sample 
specifics are reported in the relative sections). Only sideromelane grains were selected for all 
analyses, because the magma producing sideromelane is quickly quenched (faster than 
magma producing cryptocrystalline tachylite; e.g., White, 1991; Taddeucci et al., 2015) 
during and after fragmentation; it best represents the immediate pre-fragmentation state of the 
magma involved in the eruption (Murtagh and White, 2013). A full sample list and coding 
are reported in Table 2.1. 
 
2.2. Granulometry 
Grain-size measurements were performed for samples from the proximal-medial 
locations by laser diffractometry using a Malvern Mastersizer 2000 HydroG®. Laser-
diffraction techniques provide a time-efficient and powerful means of measuring across a
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Table 2.1. List of the samples investigated in this study. 
PAHVANT BUTTE BLACK POINT 
Sample Location Sample suite 
Lat/Long 





D3A2L12 Mound this work 39° 7'50.62"N 112°33'37.40"W D11A2L2 Mound this work 
38° 1'5.92"N 
119° 6'15.28"W 
D3A2L11 Mound this work 39° 7'50.62"N 112°33'37.40"W D11A2L1 Mound this work 
38° 1'5.92"N 
119° 6'15.28"W 
D3A2L10 Mound this work 39° 7'50.62"N 112°33'37.40"W D11A1L4 Mound this work 
38° 1'19.76"N 
119° 6'49.30"W 
D3A2L9 Mound this work 39° 7'50.62"N 112°33'37.40"W D11A1L3 Mound this work 
38° 1'18.40"N 
119° 6'46.95"W 
D3A2L8 Mound this work 39° 7'50.62"N 112°33'37.40"W D11A1L2 Mound this work 
38° 1'18.22"N 
119° 6'47.73"W 
D3A2L7 Mound this work 39° 7'49.53"N 112°33'37.61"W D11A1L1 Mound this work 
38° 1'16.81"N 
119° 6'48.94"W 
D3A2L6 Mound this work 39° 7'49.53"N 112°33'37.61"W D13C1 Upper tuff ring this work 
38° 1'43.73"N 
119° 6'22.90"W 
D3A2L5 Mound this work 39° 7'49.53"N 112°33'37.61"W D13C2 Upper tuff ring this work 
38° 1'39.17"N 
119° 6'22.90"W 
D3A2L4 Mound this work 39° 7'49.95"N 112°33'37.97"W D14A2L1 Lower tuff ring this work 
38° 1'17.70"N 
119° 5'55.51"W 
D3A2L3 Mound this work 39° 7'49.95"N 112°33'37.97"W D14A2L2 Lower tuff ring this work 
38° 1'17.70"N 
119° 5'55.51"W 
D3A2L2 Mound this work 39° 7'51.79"N 112°33'38.92"W D10A1L12 Site A this work 
38° 1'51.28"N 
119° 7'16.22"W 
D3A2L1 Mound this work 39° 7'53.95"N 112°33'40.42"W D10A1L11 Site A this work 
38° 1'51.28"N 
119° 7'16.22"W 
D7C2L5 Tuff cone this work 39° 7'42.19"N 112°33'29.61"W D10A1L10 Site A this work 
38° 1'51.28"N 
119° 7'16.22"W 
D7C2L4 Tuff cone this work 39° 7'42.19"N 112°33'29.61"W D10A1L9 Site A this work 
38° 1'51.28"N 
119° 7'16.22"W 
D7C2L3 Tuff cone this work 39° 7'42.19"N 112°33'29.61"W D10A1L8 Site A this work 
38° 1'51.28"N 
119° 7'16.22"W 
D7C2L2 Tuff cone this work 39° 7'42.19"N 112°33'29.61"W D10A1L7 Site A this work 
38° 1'51.28"N 
119° 7'16.22"W 
D7C2L1 Tuff cone this work 39° 7'42.19"N 112°33'29.61"W D10A1L6 Site A this work 
38° 1'51.28"N 
119° 7'16.22"W 
D7C1 Tuff cone this work 39° 7'42.19"N 112°33'29.61"W D10A1L5 Site A this work 
38° 1'51.28"N 
119° 7'16.22"W 
D6A1L5 Site 1 this work 39° 1'43.56"N  112°31'36.06"W D10A1L4 Site A this work 
38° 1'51.28"N 
119° 7'16.22"W 
D6A1L3 Site 1 this work 39° 1'43.56"N  112°31'36.06"W D10A1L3 Site A this work 
38° 1'51.28"N 
119° 7'16.22"W 
D6A1L1 Site 1 this work 39° 1'43.56"N  112°31'36.06"W D10A1L2 Site A this work 
38° 1'51.28"N 
119° 7'16.22"W 
D7A2L4 Site 2 this work 38°55'43.54"N 112°23'46.17"W D10A1L1 Site A this work 
38° 1'51.28"N 
119° 7'16.22"W 
D7A2L3 Site 2 this work 38°55'43.54"N 112°23'46.17"W D10A3L3 Site B this work 
38° 4'9.31"N 
119° 4'48.23"W 
D7A2L2 Site 2 this work 38°55'43.54"N 112°23'46.17"W D10A3L2 Site B this work 
38° 4'9.31"N 
119° 4'48.23"W 
D7A2L1 Site 2 this work 38°55'43.54"N 112°23'46.17"W D10A3L1 Site B this work 
38° 4'9.31"N 
119° 4'48.23"W 
D4A1L5 Site 3 this work 39° 8'54.82"N 112°42'34.51"W D12A2L3 Site C this work 
37°56'24.19"N 
118°57'51.06"W 
D4A1L3 Site 3 this work 39° 8'54.82"N 112°42'34.51"W D12A2L2 Site C this work 
37°56'24.19"N 
118°57'51.06"W 
D4A1L1 Site 3 this work 39° 8'54.82"N 112°42'34.51"W D12A2L1 Site C this work 
37°56'24.19"N 
118°57'51.06"W 
PBm1535 Mound Murtagh's N/A BPe2011.6 Mound Murtagh's N/A 
PBm1527 Mound Murtagh's N/A BPe2001.6 Mound Murtagh's N/A 
PBm1525 Mound Murtagh's N/A BPe1986.6 Mound Murtagh's N/A 
PBm1520 Mound Murtagh's N/A BPe1971.6 Mound Murtagh's N/A 
PBm1510.2 Mound Murtagh's N/A BPa1996.0 Site A Murtagh's N/A 
PBm1469 Mound Murtagh's N/A BPa1996.2 Site A Murtagh's N/A 
    BPa1997.1 Site A Murtagh's N/A 
D=day, A=ash, C=cone, L=stratigraphic level. PB= Pahvant Butte, BP= Black Point, m= mound, e= mound, a= 
ash sheet, WGS= World Geodetic System.
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wide range of particle sizes; the operating range of grain size is 0.02 µm – 2000 µm (dust to 
very coarse sand). A limitation of this method is the need to calibrate initial settings for 
varying particle-scattering. The method also requires careful attention to sub-sampling, and 
cannot normally deal with coarser particles (larger than 2000 µm) because of the need to 
suspend them. Grain size data from the mound, for both Pahvant Butte and Black Point, are 
available from Murtagh (2011), and were obtained through dry sieving. 
 
2.3. Settling velocity and shallow current velocity calculations 
To calculate the settling velocities of grains in Pahvant Butte samples, I used the 




()* + (-. /0('$%&1)-.0
 
 
where R is the submerged specific gravity, g the acceleration due to gravity, D the particle 
diameter, and v the liquid viscosity. Shape factors C1 and C2 take values of 18-24 and 0.4-1.2 
respectively (18 and 0.4 for smooth spheres and 24 and 1.2 for extremely angular grains). 
Here I use shape-factor values for intermediate grain shapes (C1= 18 and C2= 1) as suggested 
by Ferguson and Church (2004), because grain shapes are variable in our deposits (with 
larger grains less angular). The other parameters kept constant are: acceleration due to gravity 
(g= 9.81 m/s2), liquid dynamic viscosity (v= 1.67x10-6 kg/m·s, for water temperature 2°C, as 
reported in Beletsky et al., 2003 for Lake Michigan) and water density (rw= 1000 kg/m3). 
The variables are particle diameter (D) and submerged specific gravity (R); the latter is a 
function of particle density (rm), in turn a function of water density, material density (rr= 
2700 kg/m3) and vesicularity. To calculate the settling velocities for minimum and maximum 
grain sizes, I assigned vesicularities consistent with those observed: 0% for the finer fraction 
and 50% for the coarser fraction, resulting in different values of particle density in water 
( 2.1 ) 
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(1700 kg/m3 and 350.6 kg/m3 respectively) and, therefore, submerged specific gravity (1.7 
and 0.3506, respectively). 
 
2.4. Energy-dispersive X-Ray spectroscopy (EDS): 
For EDS analysis, samples were selected from ~355 µm to ~2000 µm for Pahvant 
Butte and Black Point. In order to analyse up to four samples at a time, briquettes were 
prepared. Polished thin sections were also made in order to analyse larger areas for specific 
samples (e.g., samples from the tuff cone/ring, with juvenile particles immersed in a 
palagonitized matrix). The briquettes were made of a mixture of epoxy resin and slow 
hardener (ratio 5:1) and the exposed surface of the samples was manually ground (using 100, 
240, 400 and 600 grid paper respectively) and polished (6 µm, 3 µm and 1 µm size grit), in 
order to have a perfect flat surface. Briquettes were then carbon-coated (10 nm thick) to make 
their surfaces electrically conductive and to enhance proper EDS analysis. Geochemical data 
were obtained using a Zeiss Field Emission Gun Scanning Electron Microscope (FEG-SEM) 
at the University of Otago. Analyses were performed in EDS mode with an AsB (Angle-
selective Backscatter) detector. All the samples were analysed under the same working 
conditions, with an accelerating voltage of 15 kV, 2.5 nA beam current, aperture size of 60 
µm, and 6 µm beam at an 8.5 mm working distance. The software used was AZtecÒ 3.3 and 
each analysis was performed until 500,000 counts were reached. Glass standardization 
involved using Smithsonian microbeam standards for most elements (Si, Mg, Al, Fe, Ca, Na 
and K) and factory standards for others (Ti, P, Cr, S and Mn). A list of the minerals used for 
standardization is reported in Appendix C, together with the whole dataset of analysis for 
Pahvant Butte and Black Point. 
For glass compositions, following Murtagh and White (2013) and Murtagh (2011), 
from Pahvant Butte and Black Point samples, I selected grains with their texture type "S1", 
with low-medium content of microlites and low-medium vesicularity; this is preferred 
because the magma producing sideromelane, cools faster than tachylite during and after the 
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fragmentation and best represents the immediate pre-fragmentation state of the magma 
involved in the eruption (Murtagh and White, 2013). Sideromelane also increases the 
opportunity to measuring clean glass, with compositions little- or un-affected by growth of 
tiny microlites. Examples of textures analysed for this study are reported in Fig. 2.1. For glass 
analysis I chose 43 samples (22 Black Point and 21 Pahvant Butte). For mineral analysis I 
only analysed samples from locations in which there was a vertical sequence with planar 
layers, in a relatively short space (e.g. the Wilson Creek sequence for Black Point, twelve 
samples, and mound sequence for Pahvant Butte, twelve samples). EDS analyses were also 
performed on melt inclusions in olivine crystals, where available. 
For the “MgO versus major-elements diagrams”, I plotted all points available from 
either Pahvant Butte or Black Point; for the “major-elements versus relative stratigraphy 
diagrams”, I plotted average values with associated standard deviations, for each unit 
analysed (all data were normalised to 100 wt%). 
EDS data have been also used for mass-balance calculations, both for Pahvant Butte 
and Black Point. The software used was Petrograph (Stormer and Nicholls, 1978; Petrelli et 
al., 2005) and modelling of the fractionation was based on least-squares mass-balance 
calculations. Initial models were performed using the chemical variation of glass composition 
from samples D7C2L3 (more primitive) to sample D6A1L1 (more evolved) and olivine and 
plagioclase mineral compositions from sample D3A2L4 for Pahvant Butte. For Black Point, 
initial models proceeded from sample D13C1 (more primitive) to D10A1L12 (more evolved) 
for glass, and sample D11A1L2 for both plagioclase and olivine. Additional models to 
account for CaO and TiO2 residuals were performed using clinopyroxene and Ti-magnetite 
compositions in alkaline basalt after Brenna et al. (2014). 
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Fig. 2.1. Examples of pyroclasts analysed for Pahvant Butte and Black Point. Mound deposit selections included 
relatively dense sideromelane grains with different degrees of vesicle coalescence and low microlite content. Tuff 
deposits (tuff cone/tuff rings) were in the same range of mound samples in terms of grade of vesiculation and 
microlite content, but characterised by portions altered to palagonite (intermediate grey colour). Same textures 
were selected for medial (or proximal) lake deposits, but also shards (for smaller grain sizes) were analysed 
(bottom right). All these micro-textures are grouped in the S1 micro-texture type introduced by Murtagh and White 
(2013). 
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2.5. X-ray computed micro-tomography (µ-CT) and Fourier transform infrared 
spectroscopy (FTIR) 
2.5.1. X-ray computed micro-tomography and “Synchrotron light” 
The µ-CT analyses were performed at the Australian Synchrotron, Clayton, Australia. 
A synchrotron is a machine that accelerates electrons to extremely high energies, creating an 
electron beam that travels at almost the speed of light. When high-energy electrons are forced 
to travel in a circular orbit, they release extremely intense radiation, or ‘synchrotron light’. 
This energy is then filtered and redirected along beamlines to different “end-stations”, 
according to the range of radiation energy needed. Applications include a wide range of non-
destructive, high-resolution, rapid, in-situ, real-time imaging and analysis techniques. 
Benchtop units can reach similar intensities and resolutions, but a major advantage of using 
Synchrotron facilities is the mono-energetic nature of the X-rays, which reduces 
polychromatism compared with radiation generated by X-ray tubes in benchtop systems.  
Samples for micro-tomography analysis were chosen according to grain size and grade 
of preservation of individual grains. No sample preparation was required. In total twenty-two 
samples were selected; Pahvant Butte (8) and Black Point (14), with each sample comprising 
2-5 grains of sideromelane glass between ~1500 and ~8000 µm in maximum diameter. The 
samples were analysed mostly by using a ruby detector (hutch 2B), which allowed data 
acquisition of medium-high resolution images and CT at a suitable field of view and grain 
size (detectors specifics reported in Hall et al., 2013). This setup allowed the analysis of 
multiple grains at a time, taking approximately 15 minutes per run. For each run, the grains 
were fixed on a syringe, in turn positioned on a rotating plate (0 - 180°) at a distance of 100 
mm from the source. An accelerating voltage of 30 keV was used and 1810 scans were 
obtained (2.0 s exposure) for all samples (pixel size 6 µm). Two test runs were also conducted 
with a diamond detector (pixel size 1.6 µm), but for logistic reasons (scanning time ~1 hour 
per grain) all analyses reported here were conducted with the ruby detector. 
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 For image reconstruction I used X-TRACT software to obtain a stack of 8-bit images, 
available through the Australian Synchrotron server. For data analysis I used AVIZOÒ 9 and 
Bruker CT-Analyser. The two software programs were used in parallel for sample 3D 
visualization (AVIZOÒ 9) and 3D quantitative measurements (CT-Analyser). Although 
AVIZOÒ 9 provides high precision results and reliability in a relatively short time (less than 
an hour per grain), it presents some limitations. First of all, it does not distinguish closed 
pores from open pores (which is relevant in vesicle characterization studies), which is instead 
discerned in the CT-Analyser. Second, the full procedure for obtaining the vesicle 
measurements requires the operator to carry out a series of manual corrections, which are 
operator-dependant if AVIZO is used; these are instead performed automatically in the CT-
Analyser. This software allowed me to measure a minimum vesicle volume of 36 µm3, but the 
best resolution available for our 3D data was 1 px3 (216 µm3), therefore, any vesicle with a 
size below this value was considered an artefact and excluded from the analysis. In addition, 
given the minor volumetric contributions of the population of vesicles below the minimum 
resolution, and assuming that the small vesicles were all closed and spherical, no changes 
were applied in the vesicularity results; instead, the relative errors associated with this 
approach are reported. A limitation associated with the discard of this population of small 
vesicles is that the vesicle number density may be underestimated. 
For each grain I defined and analysed a “volume of interest” (VOI) rather than 
analysing the whole grain. This choice allowed me to obtain several parameters representative 
of the full grain in less time, while avoiding background issues (often associated with micro-
CT analysis) and simplifying the whole of data analysis. The size and shape of this volume 
was different from grain to grain, according to the size and shape complexity of the grain 
analysed. For statistical reasons, the method was to draw a VOI within every grain, as large as 
possible, even of an irregular shape, in order to facilitate three-dimension vesicle 
measurements (an example is reported in Fig. 2.2). The use of manual thresholding to 
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characterize the vesicles was not an issue in terms of vesicle volume distribution results, as 
highlighted by Baker et al. (2011). 
 
 
Fig. 2.2. Example of volume of interest (VOI) extracted from a grain. (a) Two-dimensional representation of a full 
grain with highlighted VOI (red circle) and its close-up (a1). (b) Three dimensional representation of the same 
grain and the VOI selected within it (b1). 
 
2.5.2. Fourier Transform Infrared Spectroscopy 
The FTIR analyses were performed at the Chemistry Department, University of 
Otago, with a Hyperion IR microscope coupled to a Vertex 70 spectrometer (Bruker Optik, 
Germany). Liquid nitrogen was used to cool the mercury cadmium telluride (MCT) detector. 
Samples were selected in a range of grain sizes between 500 µm and 2000 µm, and according 
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to the abundance and grade of preservation of sideromelane glass. No measurable glass 
inclusions were found in the samples.  
Careful sample preparation was required to successfully measure the groundmass 
glass volatile content in these samples. The sideromelane grains were mounted on a glass 
slide using Crystalbond 509Ô, ground on one side with silicon carbide grinding paper, from 
coarse to very fine (180, 400, 600 and 1200 grit respectively), to produce a very flat surface; 
after removing any dust in an ultrasonic bath, the exposed surface was polished manually with 
diamond paste, 3 microns first and then 1 micron, and checked regularly under both 
transmitted and reflected light, to make sure that the portions of glass within the sample were 
well polished. The chip was then carefully flipped over, by melting the adhesive on a hot 
plate, and the same procedure was repeated on the new exposed surface until a thickness 
between ~50 and 100 µm was reached, in order to allow an optimal absorption by the IR 
beam for basaltic compositions (von Aulock et al., 2014); the thickness was repeatedly 
checked with a digital micrometer during preparation for the FTIR analysis. Finally, the chip 
was removed from the glass slide by using acetone, and the result was a doubly polished 
wafer with two parallel surfaces. 
 The software used to analyse all the FTIR spectra was Bruker OPUSÔ (version 7.5, 
from Bruker Optic, Ettlingen, Germany). Before performing the analysis, the background was 
measured on a calcium fluorite chip. Then the sample was mounted under the IR microscope 
(15x Schwarzschild IR objective with 50 µm spot aperture size) and 3 to 7 spots of clean glass 
(vesicle-free, crystal-free and without cracks) were analysed. Spectra were collected over 128 
scans at a resolution of 4 cm-1, using a mid-infrared (MIR) light source from the Vertex 70 
system. Once the spectra were obtained, the peaks of interest were integrated using proper 
baselines in the range 3750-2395 cm-1, and peaks in the range 3530-3535 cm-1, obtaining 
absorbance peak heights for total H2O. Finally, these values of absorbance were averaged, and 
the value obtained was used to calculate the water content.  
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 The absorbance (dimensionless) was calculated using the Beer-Lambert law: 
 
3 = − 567)-
8
8 	= 	9 ∙ ;	 ∙ < 
 
which is the common logarithm of the ratio of the intensity of transmitted light I 
(dimensionless) over incident light I0, and is proportional to molar concentration c (mol·l−1), 
path distance of the light through the sample l (cm), and a constant, ϵ (L·mol−1·cm−1), the 
molar absorptivity of the sample. The modified Beer-Lambert law commonly used in Earth 
Science states that the mass fractions w (kg·kg−1) is given by: 
 
! = 3 ∙ =9 ∙ ; ∙ r 
 
where M is the molar mass of the absorber (g/mol) and r is its density (kg/m3). For the 
conversion from absorbance to concentrations I used a Beer-Lambert correction spreadsheet, 
considering a basaltic composition with SiO2= 49%, glass density= 2.7 g/cm3 and absorption 
coefficient of 63 L/mol·cm for total H2O (as reported in von Aulock et al., 2014 for basaltic 
compositions). The thickness (measured through a digital micrometer) of the sample 
examined and the absorbance value were then inserted in the spreadsheet, obtaining the 
contents for OH- (corresponding to H2Otot because H2Omol was not investigated).  
 
2.6. Subaqueous explosive eruptions: bench-scale experimental analogues 
The setup for the experiments is modelled after that presented by Ross et al. (2008). 
The apparatus used here (Fig. 2.3) comprises a tank with front and back acrylic walls, and 
sidewalls and base of PVC (base is 32 cm x 32 cm). It was filled with 32 cm of water for 
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cm deep, 3 cm internal diameter and volume ~56.6 cm3), into which the particles were placed 
to be ejected. At the bottom of the container, the interior of which has a conically tapered 
base, is the inlet for pressurized gas that drives the explosions. For most runs, a 2 cm x 2 cm 
piece of Tork® spunlace fiber wipe was pinched and twisted, and pushed gently into the gas 
line below the container, so that particles did not flow down into the gas tube and valve. The 
wipe fabric does not adhere to the teflon and was loosely inserted, so I infer that it produced 
negligible resistance to the expanding gas. After blocking the gas line in this way, particles 
were placed into the container itself, and the top covered with aluminum foil taped to the tank 
floor with cloth tape. This isolated the dry particles from water in the tank, and rapidly broke 
open along a few simple tears/fractures when pressure was applied by the expanding gas; it 
was also used with the water-enclosed particles for consistency. In one experiment 
(BdU_r12), I used a sheet of plastic wrap rather than aluminum foil, but the wrap showed 
great resilience, creating an initial “balloon” that tore open well above the container. I do not 
consider this run in our analysis. Once the trigger signal was sent, a high-speed Herion® 
solenoid valve opened very rapidly. A quick opening of the valve ensures that most of the gas 
comes out at once, entering the Teflon® container and yielding a multi-phase jet of argon 
bubbles, particles and entrained tank water. Two pressure transducers, one directly connected 
with the gas outlet and the other placed on one side of the tank, measured the driving pressure 
(P-Drive) of the expanding jet-plume and the pressure in the tank (P-Tank) respectively. The 
two pressure transducers were each linked to a charge amplifier (to convert the signal) and the 
signal was directed to computers for data acquisition. 
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Fig. 2.3. Schematic diagram of the experimental apparatus (not to scale). The magnetic valve A was connected to 
control room computer 1. Each pressure transducer B was connected to a data acquisition computer 2 via its own 
dedicated charge amplifier. Dimensions of various components are: teflon container 80 mm diameter and 30 mm 
high, steel pipe 8 mm internal diameter and 500 mm long, rubberized tube 8 mm internal diameter and 4.1 m from 
the solenoid valve to the argon cylinder. Not shown here is the spunlace fiber applied to the bottom of the teflon 
container and aluminum foil at the top of it. 
 
For the present work, three types of experiments were carried out (Fig. 2.4): 1) gas 
was released into the container filled with dry particles and air, separated from overlying 
water by an impermeable sheet of aluminum foil. These runs mimic initial transport within 
gas of particles generated during a submarine explosion; 2) gas was released into the same 
container filled by particles within water. These runs mimic entrainment of particles in a 
saturated slurry in the area surrounding a submarine explosion. As a "control" exercise, 
CHAPTER 2 METHODOLOGY 
 28 
"subaerial" runs were also produced, in which gas was released into the same container 
holding dry particles and air, sealed beneath aluminum foil, and erupted into air. 
 The system produced reproducible runs, in terms of jet-plume dynamics and shapes. I 
found that plume behaviour was sensitive to changes in the folding geometry of the fiber wipe 
used to prevent particles entering the line below the container, which was addressed by 
having a single operator do the packing for each sequence of runs. In our analysis below, I 
emphasise comparisons among runs at specific phases of the jet-plume evolution rather than 
at precise times during each run. This emphasizes phenomena consistent through the runs, 
rather than small rate changes that resulted when different types of particles were used. 
Several runs were performed in order to test different pressures, first with no particles 
involved, and then with particles (video support is reported in the following data repository: 
https://doi.org/10.1016/j.jvolgeores.2017.11.013). The aluminum foil seal was not used for 
test runs, so injection was into the base of the container. At the time gas became visible as it 
entered the tank, it was expanding as a jet of multiple bubbles. For the analysed experiments, 
a volume of 8.04x10-4 m3 of compressed argon was pressurised from a reservoir (the tube 
connecting the argon tank to the reservoir) at a pressure of 0.5 MPa (measured at the tank 
outlet), resulting in total potential energy of 402 J. Comparing this with conditions during 
previous experiments on magmatic fragmentation on a similar scale, the experiments reported 
here are in the lower range of MFCI (kinetic energy in the range 300-700 J during the 
expansion phase, and 4000-13600 J as total kinetic energy; Buettner and Zimanowski, 
1998; Buettner et al., 2002). I am not addressing the MFCI process itself, and similar 
explosion energies from small magmatic eruptions are equally well represented, and it is an 
advantage that some involve non-condensable magmatic gases like CO2.  
Seventeen runs were performed, testing different initial conditions (particles initially 
dry or water- immersed) and materials (Table 2.2). The total time analysed here is 1.28 s for 
all underwater runs (0.64 s for subaerial runs), with the initial expansion phase limited to 
~0.05 s or less for runs in water. In experimental runs, the expanding gas forced the particles 
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through the foil and upward into the tank, yielding a multi-phase mixture, either of argon gas, 
air and particles from the container, and entrained tank water, or a multi-phase mixture of 
argon, water and particles from the container, and entrained tank water. Fig. 2.5 shows the 
relationship between the two different pressures measured for one run (AdU_r14); the driving 
pressure rises slightly at first, and sharply after ~0.006 s (when opening of the solenoid was 
complete); pressure changes in the tank were very small compared to the internal pressure 
changes during ejection. The tank-water level rose as gas entered and displaced water, but the 
symmetry of the tank and water level were designed to minimize wall effects on geometry of 
the observed phenomena. Specifically, initial spherical expansions, and later subspherical 




Fig. 2.4. Runs showing the early expansion in all settings performed (dry subaqueous, wet subaqueous, and dry 
subaerial from left to right). The timeframe considered here for AdA_r26 is not the same as for AdU_r14 and 




Materials with different properties and features were used (grain size and density) to 
explore a range of particle behaviour and effects. To recognize particles from different depths 
in the container, white (clear), red and blue glass beads were used in some runs. The red and 
blue beads exhibited strongly hydrophobic properties, and clustered together to form weak 
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aggregates in the tank, with some remaining at the water surface. The coloured beads' 
behaviour affected their dispersal after leaving the plume, but showed no apparent effect on 
plume or jet. Also, commercially supplied angular quartz sand was used, and fine basaltic ash 
from the 2010 eruption of Eyjafjallajökull, Iceland (median grain size of 125 µm, as used in 
previous small-scale experiments; Zimanowski and Gudmundsson, 2015). A pumiceous 
particle assemblage also was used (from the Hatepe fall deposits of Taupo volcano, New 
Zealand), sieved to a grain-size 1500-2000 µm (very coarse ash), which included a proportion 
of dense rhyolite lithic fragments (up to 3%; Wilson and Walker, 1985). For some runs I 
added dense ceramic balls (2000-2800 µm diameter, density 3800 kg/m3) to the 
Eyjafjallajökull ash. These natural particles, with the addition of the ceramic balls, were 
chosen for their distinctive colours, densities and grain sizes, but also to ensure that some of 
the complexities of natural particles were represented in these underwater experiments. All 
material features are reported in Table 2.3, with densities expressed as both material density 
and bulk density. The bulk density (calculated by measuring the weight of each material 
filling a known volume) is important for the first stage of each blast, when the entire mixture 
contained in the container is being driven into the tank. The material density (provided by the 
manufacturer or by cited authors) is of primary importance when the particles separate within 
the gas as it expands into the tank water or air, and as particles separate from gas and enter the 
tank water. For example, in the pumiceous mixture, the pumice grains tended to be carried 
upward with the jet-plume, whereas many rhyolite lithics decoupled easily and settled toward 
the bottom of the tank. The jet-plume volumes were calculated both by geometry (assuming 
that each jet-plume was rotationally symmetrical) and by water-displacement measurements 
for each run (see Appendix E). Water displacement was readily measured, prior to any water-
surface doming, from the observed increase in height of the flat-water surface during initial 
jet expansion. The arithmetic difference between the volume of the observed jet-plume and 
the displaced water volume is inferred to represent the volume of tank water entrained into the 
jet-plume. 
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2.6.2. Data Acquisition 
Each subaqueous explosion was recorded by a digital high definition camera (JVC, 50 
fps, 1920x1080 pixels) and two high-speed cameras (CASIO, 300 fps, 512x384 pixels; NAC, 
1000 fps, 1024x1024 pixels), all placed in front of the experimental tank. The NAC captured 
only the subaqueous part of the run, the CASIO the above-water part, and the JVC the whole 
field but not at high speed. In order to obtain a suitable contrast for the video analysis, each 
experiment was performed with a white panel placed just behind the tank, together with a 
system of lights to minimise shadow effects. For the subaerial runs frame rate was increased 
to 2000 fps and placed cotton bath towels at the top of the tank to prevent dispersal of the 
material out of the tank, and for this reason, the videos are less well-lit. 
 
 
Fig. 2.5. Graph showing two patterns of pressure through time, using run AdU_r14 as a representative example. 
The magnification (exaggerated horizontally) shows the driving pressure (P-Drive) rising slightly up to 0.006 s 
and then sharply until reaching the maximum peak at ~0.01 s. P-Tank represents the pressure inside the tank, 
which first increases beginning at ~0.015 s in response to rise of the water surface due to entry of the initial jet 
into the tank. It then decreases (~0.025 - 0.05 s), due to the jet-plume breaching the water surface. Subsequent 
oscillations of gradually lower amplitudes (~0.05 s – end of recording) reflect complex surface wave motions after 
the jet-plume breaches the water surface. 
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Table 2.2. Summary of blast conditions. 
 
B= glass beads; A= fine ash; P= coarse pumiceous ash; S=sand; C=ceramic balls; d= dry; w=water-immersed; 
U=underwater; A=air; r=run number; P-Drive= driving pressure.
Run name Run code P-Drive (MPa) Medium Plug Seal Particle type 
Particle 
condition Mass (g) 
dry subaqueous 
beads jet 01 BdU_r11 0.5 water none 
aluminum 
foil 
red and blue 
glass beads dry 84.92 
dry subaqueous 





red and white 
glass beads dry 84.92 
dry subaqueous 









dry subaqueous ash 






ash dry 69.67 
dry subaqueous ash 






ash dry 69.67 
dry subaqueous 
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dry subaerial beads 









dry subaerial ash jet 






ash dry 69.67 
dry subaerial 






ash + ceramic 
balls 
dry 102.85 
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Table 2.3. Summary of material properties used in the present experiments. 
 
1from Dellino et al. (2012) 






















2450 2450 2450 2600 3800 12500 2800-1100 
BULK DENSITY 






















POROSITY (%) 38.78 38.78 38.78 30 38.15 50.8 N/A 
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CHAPTER 3 PAHVANT BUTTE 
 
 This chapter is a version of the published paper Verolino, A., White, J. D. L., Brenna, 
M. (2018b). Eruption dynamics at Pahvant Butte volcano, Utah, western USA: insights from 
ash-sheet dispersal, grain size, and geochemical data. Bulletin of Volcanology, 80(11), 81. 
Not included in the above manuscript and reported in this dissertation are: mineral 
compositions (Section 3.3.3), water contents (Section 3.3.4), melt inclusions (Section 3.3.5) 
vesicle data (Section 3.5), and relative discussions. Verolino sampled in the field with White, 
undertook all sample analysis, discussed interpretations with White and Brenna, produced the 




Aims for the work conducted at Pahvant Butte were to infer the eruption dynamics and 
fragmentation mechanisms through: 
 
• Geological observations and relative interpretations in the field 
• Targeted sampling of edifice deposits (mound and tuff cone) and tephra deposited in 
Lake Bonneville at medial sites (ash-sheet) 
• Glass geochemical data of edifice and ash-sheet deposits  
• Modelling of shallow-lake currents based on grain size and settling velocity data from 
ash-sheet deposits 
• Three-dimensional vesicle data from selected pyroclasts 
 
The main research questions that I want to address here are:  
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• Were the ash-sheet deposits formed during the subaerial o subaqueous stage of the 
eruption? 
• What were the transport/emplacement mechanisms of the medial-lake deposited ash? 
• Was the eruption mainly driven by magmatic or phreatomagmatic fragmentation? 
• Where can the Pahvant Butte eruption be collocated in the context of Surtseyan 
volcanism? 
 
3.1.2. Geological setting 
Pahvant Butte is located near the eastern margin of the Northern Basin and Range 
Province (terminology after Jones et al., 1992), ca 100 km west of the Colorado Plateau, in 
the western USA (Fig. 3.1). The continental crust in this area has been extensively stretched 
since the Oligocene and is now 30-35 km thick (Schmandt and Lin, 2014). The Basin and 
Range Province contains a few hundred Quaternary monogenetic volcanoes, mostly in 
volcanic fields located near the edges of the province (Smith and Luedke, 1984; Parsons, 
1995). Pahvant Butte lies in the Black Rock Desert Volcanic Field, which covers an area of 
nearly 7000 km2 and has been active from the late Miocene to the present. It is divided into 
five subfields and includes basalts to rhyolites with a range of volcanic landforms (e.g., shield 
volcanoes, cinder cones, tuff rings, tuff cones, lava domes). Pahvant Butte volcano is in the 
Ice Spring subfield, within the Clear Lake fault zone (McBride et al., 2015), and postdates 
two lava-forming eruptions (e.g., Hoover, 1974). These lavas are geochemically similar to the 
ash analysed here but were erupted prior to formation of Lake Bonneville and did not share 
the same volcanic plumbing. Other volcanic centres in the subfield erupted mainly lavas, with 
compositions ranging from tholeiitic basalts to basaltic andesites. The volcanic ash in the 
Bonneville basin, including that forming the edifice of Pahvant Butte, has been the focus of 
several tephrochronology studies (e.g., Oviatt, 1989, 1991; Oviatt and Nash, 1989, 2014; 
Oviatt et al., 1994; Miller et al., 2008). These authors identified the Pahvant Butte ash and 
three others in the basin: the Hansel Valley ash, the Tabernacle Hill ash (preceding the Ice 
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Springs lava) and a third ash, the so-called Pony Express ash, with an unknown vent location, 
although the geochemistry show similarities with the compositions found in the Ice Spring 
subfield. All these ashes, although basaltic in composition, are geochemically and 
stratigraphically distinct from ash from Pahvant Butte. Particularly relevant to this study is the 
difference between the Pahvant Butte ash and the Tabernacle Hill ash. They are relatively 
closely spaced in time (Tabernacle Hill ash is about 1000 years younger, but still deposited in 
Lake Bonneville; Oviatt, 2015), and in some areas are both exposed in one sequence, 
separated by ~5 cm of marl (Oviatt and Nash, 1989). However, erosion was at times 
important in Lake Bonneville, particularly after the Bonneville flood, and in places the upper 
part of the stratigraphic sequence has been removed. Geochemistry is another tool for 
distinguishing between the two ashes (more discussion later in Section 3.4). 
 
3.1.3. Lake Bonneville 
Lake Bonneville was a vast pluvial lake, which reached its maximum extent in the late 
Pleistocene. For over a century (beginning with Gilbert, 1890) there have been studies of 
Lake Bonneville aiming to determine the history of the lake's levels, and to relate them to 
paleoclimatic and other paleogeographic information (e.g., Oviatt and Shroder, 2016). Ash 
beds are a powerful natural tool for this purpose, permitting chronostratigraphic correlations 
over a large area, and lakes are ideal settings for preserving ash deposits. In the case of Lake 
Bonneville, the study of ash beds (Oviatt and Nash, 2014), together with parallel studies on 
lacustrine sediments and flood events, allowed researchers to recognize and quantify the 
magnitudes of regressions and transgressions of the lake as a whole. Lake Bonneville began 
to rise from about 30,000 cal yr B.P. (Oviatt, 2015), followed by a moderate fluctuation at 
about 25,000 cal yr B.P. (Stansbury oscillation, Oviatt, 2015) and rapid rise between 25,000 
and 18,000 cal yr B.P., with other minor fluctuations in-between (Oviatt, 2015). At about 
18,000 cal yr B.P. the lake level reached its maximum elevation (Bonneville shoreline) just 
after the Pahvant Butte eruption and before the Bonneville flood (Oviatt, 2015). During the 
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Bonneville flood, the lake level rapidly dropped (about 100 m in less than one year, 
O’Connor, 1993; Miller et al., 2013; O’Connor, 2016) to the Provo shoreline, which is 
inferred to have been occupied from 18,000 to 15,000 cal yr B.P. (Oviatt, 2015). The final 
regression was relatively rapid, but not catastrophic (Oviatt, 2015) and dropped the lake to 
the level of the current Great Salt Lake, which has kept a relatively constant level since 
13,000 cal yr B.P. 
 Deposits formed in the pluvial lakes of the Great Basin need to be interpreted in the 
context of coeval shoreline features, which reflect patterns of sediment transport and 
deposition that also affect emplacement and preservation of volcanic ash produced by 
volcanic eruptions in the lakes. Local effects complicate interpretations. For example, Godsey 
et al. (2011) report that Pahvant Butte ash and the Bonneville flood bed are absent in their 
"Black Rock" exposures (probably eroded by wave action during the Bonneville regressive 
phase) but the Pahvant Butte ash is preserved 200 m to the east where a bedrock promontory 
protected the ash from wave erosion.   
 Ash dispersal across lakes is affected by winds, water currents, and density currents. 
Winds can drive shallow lake currents, as well as subaerially disperse ash from a volcanic 
plume. In contrast, bottom currents in lakes follow submerged topography, and are focused 
along canyons or lake-floor valleys; the currents can entrain ash introduced into the lake by 
subaqueous eruption or onto its surface from subaerial eruption and modify or dominate its 
dispersal. Ash deposited onto the lake floor also can be remobilized and carried away from 
the original depositional site. For Lake Bonneville at the time of Pahvant Butte's eruption, 
when the lake was at (nearly) its maximum elevation, the main winds were westerly (Jewell, 
2010), with possible shifts in wind direction at the time-scale of the eruption. We interpret the 
Pahvant ash deposits described in this paper as primary ones, of ash distributed during the 
eruption, because each ash deposit preserves simple compositional trends in glass of the ash 
grains as presented below. Other potential indicators of significant reworking, such as particle 
abrasion, scouring, or incorporated lacustrine sediment, are absent. 
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3.1.4. Pahvant Butte 
Pahvant Butte is a Surtseyan volcano in the eastern part of the Black Rock Desert. The 
summit elevation is 1755 m above sea level (a.s.l.) and the edifice is about 300 m high. It 
erupted in a southern branch of Lake Bonneville at approximately 18,000 cal yr B.P. (Oviatt 
2015). The eruption began at about 85 m water depth (Oviatt and Nash 1989), building first 
a subaqueous mound and later a typical tuff cone very similar in size and shape to that of 
Surtsey (White, 1996a; White et al., 2015). White (1996a, 2001) infers the following 
sequence of events: a) initial steamy tephra jetting activity and formation of dilute density 
currents on the lake floor; b) subaqueous mound growth with more sustained eruptive activity, 
with most of the ejecta transported by lateral gravity flows; c) mound shallowing to ~20 m 
water depth, within wave base, with some emergent, subaerial jets and plumes; density 
currents moving outward from the vent area interacted with both ambient waves and waves 
induced by the eruption; d) tephra jets became consistently subaerial and the lower part of the 
subaerial cone started to form, fed by these sub-vertical jets carrying ash, lapilli and bombs 
and falling back into the lake; e) the cone built up above the water surface and subaerial units 
were deposited; f) cone growth was accompanied by slips on its upper parts, which were 
mantled by more beds from the ongoing eruption; g) in the last stage of the eruption relatively 
dry deposits were emplaced. During and after eruption, there was reworking by waves, wind 
and rainfall. Wave-erosion and transport built a beach ridge along the cone's northeastern 
quarter with a short beach spit protruding southeastward from it.  
Following White (1996a, 2001), the mound (Fig. 3.2a) is made of loose or semi-
consolidated tephra beds with dip angles lower than 15°. They have been locally 
palagonitized at fossil hydrothermal sites, below the water level (as reported for Surtsey by 
Jakobsson and Moore, 1986). Mound strata all lie below the syn-eruptive lake level and, in 
many places, it is possible to see the contact zone with the steeply dipping subaerial cone 
strata (up to 35°). The juvenile component of mound deposits is sideromelane and tachylite 
glass, with sideromelane dominating the ash fraction (Murtagh, 2011). The main cone 
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deposits have been pervasively palagonitized (Fig. 3.2b), even where underlying mound 
deposits are completely unconsolidated. 
 
 
Fig. 3.1. Pahvant Butte location. (a) Overview map of the Northern Basin and Range province in the western 
United States (source map from https://www.usgs.gov/centers/gecsc, has been modified, and the Basin and Range 
terminology is after Jones et al., 1992). (b) Close-up map of the southern portion of Pleistocene Lake Bonneville 
(during its maximum elevation), with Pahvant Butte (orange star) situated on the south-eastern part of the lake, 
between the Beaver river, to the south, and the Sevier river, to the north (map modified after Reheis et al., 2014). 
(c) Pahvant Butte view from W-SW (distance ~6 km); the dashed blue line here represents the inferred syn-eruptive 
lake level (Gilbert, 1890; Oviatt and Nash, 1989). 
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Fig. 3.2. Edifice deposits. (a) Typical mound deposit of coarse sideromelane ash to lapilli; inferred depth of 
emplacement ~40 m below lake level. The hammer head is 18.4 cm. (b) Typical subaerial cone deposit showing 
poor sorting and strong palagonitization. (c) Stratigraphic sequence through which the mound was sampled (solid 
orange line; ~30 m). Dotted orange line through the transition zone (not sampled) between the upper mound and 
the lower tuff cone. In the red circle is a person for scale. (d) High-angle contact (~30° southward dip) between 
Upper Cone Unit 1 and Unit 2. The deposits are described and interpreted in detail by White (2001). 
 
3.2. Sample locations and deposit characteristics 
3.2.1. Sample locations 
 The samples for this study are from proximal sites (both mound and tuff cone) and 
from three widely separated, relatively medial (to 25 km) ones.  
Six samples from the mound were chosen in a gully on the W-NW side of the volcano, 
across about 30 m of stratigraphy (Fig. 3.2c). The five samples from inferred subaerial 
deposits were collected on the west side of the tuff cone at an elevation of about 1610 m a.s.l. 
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(Fig. 3.3b), where the contact (Fig. 3.2d) between Upper Cone unit 1 and unit 2 (White, 
2001) is exposed. 
The three medial sites (Fig. 3.3a) are referred to as Sites 1, 2 and 3. Site 1 is ~12 km 
south of Pahvant Butte at ~1420 m a.s.l., next to a dry streambed; three samples were 
collected here. Site 2 is ~25 km southeast of Pahvant Butte from a drainage ditch at elevation 
~1466 m a.s.l.; we collected four samples at this site. Site 3 is ~14 km to the west of the 
volcano at an elevation of about 1395 m a.s.l., on a relatively flat area. Both over- and 
underlying lake sediments are exposed at this site, but not consistently; only ~2 km to the 
northwest, the upper lacustrine unit is missing, and the top of the Pahvant Butte ash bed is 
truncated (see also Godsey et al., 2011). The relationship between the Pahvant Butte ash and 
the associated underlying and overlying lacustrine units (i.e., Bonneville marl) in the 
Bonneville basin is reported in Oviatt et al. (1994).  
 
3.2.2. Field characteristics 
 Edifice and medial-lake deposits descriptions are reported below. The former ones are 
from White (1996a, 2001) (in reference to the edifice portions sampled for this work), and 
the latter are described here for the first time.  
Mound deposits were subdivided by White (1996a) in four lithofacies, M1, M2, M3 
and M4. Lithofacies M1, the first unit deposited on Lake Bonneville floor, consists of 
laterally-continuous thin beds of coarse ash to fine lapilli, with presence of blocks at the 
bottom of these beds (without impact sags) and low-angle cross stratification. This unit was 
interpreted as being formed by unsteady dilute currents with little erosive capacity and in a 
traction-dominated depositional regime. Lithofacies M2 is less continuous laterally than M1, 
and presents some differences: presence of intercalated beds of coarse ash and lapilli, with 
abundance of impact sags beneath large particles and ash-coated lapilli (Brown et al., 2010, 
2012). The depositional features here indicate deposition from sediment-gravity flows with 
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also emplacement of larger blocks during flow. M3 presents similar features as M1, but the 
cross-stratification (rippleforms and duneforms) is more intense, particularly at higher levels 
(~20 meters below syn-eruptive lake level); at lower stratigraphic level (paleodepth of about 
50 m), this unit grades into M1. It was interpreted as resulting from interaction between 
aqueous sediment-gravity flows and oscillatory flow beneath surface waves. The 
stratigraphically highest mound lithofacies, M4, comprises thick beds of structureless ash and 
lapilli with reversely graded bases. It contains rotated blocks of bedded ash, and is in contact 
with M3 and M1. The rotated blocks suggest partial disaggregation and flow of earlier ash 
deposits. 
White (2001) describes the cone deposits at Pahvant Butte and divides them into 
lower- and upper-tuff cone. Here I will describe only the upper tuff cone Units 1 and 2, which 
are the ones sampled for this work. These units contain abundant block and bomb sags, and 
ash-coated lapilli in beds with none largely continuous laterally. Decimetric incised channels 
are frequent and are mostly infilled with lapilli tuff. The features here indicate transport and 
deposition of tephra in wet conditions; cohesion was high enough to maintain local bedding in 
failed portions. Overall, this deposit was interpreted to result from deposition from cock’s 
tails jets, with less contribution from low-energy pyroclastic density currents. 
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Fig. 3.3. Sample locations for medial lake-deposited ash and edifice deposits (mound and cone) considered for this 
study. (a) Overview of the study area with sample locations (Google EarthÔ, Image Landsat/Copernicus). (b) 
Cross section of Pahvant Butte (PB) with sampling locations for mound (green circle) and cone (blue asterisk) 
reported; the blue dotted line represents the inferred lake level at the time of the eruption. Units 3 and 4 of the 
upper cone are reported in the cross section but not analysed for this study (cross section modified after White, 
2001). (c), (d) and (e) Magnification on Site 1, 2 and 3 respectively. 
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 The medial sample locations reveal deposits, at the scale of the individual subunit, that 
bear indications of different emplacement and/or transport mechanisms. In the case of water-
settled fall deposits, we would expect normally graded layers (e.g. Cashman and Fiske, 
1991), with the caveat that normal grading may also result from emplacement by some 
form(s) of currents. The contacts and depositional features at each site are described below in 
detail, and the transport/emplacement mechanisms addressed in the discussion. Site 1, 12 km 
south of Pahvant Butte (Fig. 3.3c), has an ash deposit ~13 cm thick, within which four units 
are distinguished (Fig. 3.4a). From bottom to top, unit 1 comprises ~3 cm of semi-lithified 
laminated brown ash (Fig. 3.4a1). Ash grains range from extremely fine ash to coarse ash 
(after White and Houghton, 2006). This unit is poorly sorted (~1.6 s), and the bottom 
contact with the pale lacustrine marl is sharp and flat. Unit 2 is about 4.5 cm of light brown to 
grey semi-lithified ash. The unit is coarser grained and more resistant to erosion than the 
underlying unit, lamination is visible, and sorting is poor (extremely fine to coarse ash). Unit 
3 is a structureless grey bed of indurated ash ~2.5 cm thick. It is poorly sorted, with the same 
range of grain size of the underlying units. At the top, Unit 4 consists of ~2 cm of light grey to 
dark brown, poorly lithified and poorly sorted ash. Subtle lamination is present and grain sizes 
are in the range from extremely fine to coarse ash. Site 2, 25 km southeast of Pahvant Butte 
(Fig. 3.3d), comprises a ~7 cm thick deposit of light to dark grey, strongly indurated ash (Fig. 
3.4b). The ash deposit here is more homogeneous than that at Site 1, with a repeating pattern 
of normally graded beds of coarse ash to extremely fine ash. The deposit as a whole is poorly 
sorted (1.74 s). At this site, the lower contact of ash beds with the lacustrine deposits is 
uneven (sharp in places), suggesting an erosional nature. Site 3, 14 km west of Pahvant Butte 
(Fig. 3.3e), exposes an ash layer up to 20 cm thick, divided into four units (Fig. 3.4c). Overall, 
it is poorly-moderately sorted, with extremely fine to coarse ash grains. Unit 1 is a thin bed 
(~0.5-1 cm) of brown moderately indurated ash with planar lamination. The contact with 
underlying lacustrine marl is sharp and flat. Unit 2 is more variable in thickness (0.2-1.9 cm) 
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and consists of grey moderately indurated ash with distinctive unidirectional ripples (Fig. 
3.4c1). Stoss sides and lee sides of ripples have a similar angle (~15°) with internal 
lamination between ~5° (bottom) and ~15° (top), dipping consistently west. The grains within 
ripples are the coarsest for this deposit (up to coarse ash). Interpretation of these depositional 
features, with maximum grain size 0.5 F and sorting 1.47 s, by using a simple bedform 
stability diagram, indicates a westward-flowing current during deposition between 0.25 and 
0.45 m/s (the origin of which is addressed below). Unit 3 is ~12 cm of poorly sorted (~1.32 s) 
moderately indurated brown to light grey ash with planar bedding. Unit 4 (~4 cm thick) is a 
distinctly darker grey ash, with prominent planar lamination and moderate sorting (~0.94 s).  
 
Granulometry and particle-settling velocities 
The results in Fig. 3.5 and Table 3.1 show a wide range of grain sizes among the 
different samples. Samples from Site 1 and Site 2 vary between ~0.5 µm and ~2000 µm (~11 
F and -1 F). Samples from Site 3 are generally better sorted than the other samples, with 
minimum grain size 0.5 µm and maximum 720 µm (~11 F and 0.47 F).  
Settling velocities were calculated (see Methodology) for the minimum and maximum 
grain sizes for each sample. Overall, the range of settling velocities spans five orders of 
magnitude. Samples from Site 1 and Site 2 vary in the same range between 1.39x10-5 cm/s 
and 7.64 cm/s (0.0005 – 275.21 m/h); and Site 3 ranges from 1.39x10-5 cm/s to 2.92 cm/s 
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Fig. 3.4. Medial lake-deposited ash with sample positions (blue x's) through the different units (knife length is 9.1 
cm). (a) Site 1: ~13 cm of semi-lithified poorly sorted ash, brown to grey extremely fine to coarse ash (White and 
Houghton, 2006). Note planar lamination in the bottom unit (a1). (b) Site 2: ~7 cm of semi-lithified ash, with a 
repeating sequence of normally graded beds. Note the erosional nature of the lower contact with the lacustrine 
sediments (=L). (c) Site 3: ~20 cm of indurated ash. Four units were recognised here based on grain size, colour, 
and/or depositional structures. The two lower units (c1) show planar lamination and cross-lamination respectively. 
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Fig. 3.5. Representative grain size distributions for mound and medial sites. Note that all the deposits are poorly 
sorted and fine skewed (Folk and Ward, 1957). Although different methods were used to determine the grain size 
distribution of mound (from Murtagh, 2011) versus medial site deposits (this work), data from the mound show a 
paucity of ash (and a distribution truncated because field sieving was not done), contrasting with the ash-dominant 
medial deposits. 
 
Table 3.1. Representative grain size data and associated settling velocities for Sites 1, 2 and 3. 
Location Sample 
Grain size (µm) Settling velocity (m/h) 
min max min max 
Site 1 
D6A1L5 0.70 1910 0.0010 275.21 
D6A1L3 0.50 1910 0.0005 275.21 
D6A1L1 1.70 1910 0.0058 275.21 
Site 2 
D7A2L4 3.80 1910 0.0288 275.21 
D7A2L3 2.20 960 0.0097 146.61 
D7A2L2 0.50 1910 0.0005 275.21 
D7A2L1 0.80 1910 0.0013 275.21 
Site 3 
D4A1L5 0.50 140 0.0005 7.42 
D4A1L3 0.50 120 0.0005 5.54 
D4A1L1 0.50 720 0.0005 105.07 




 Energy-dispersive X-Ray spectroscopy (EDS) analyses were performed on 
sideromelane glass, mineral phases (plagioclase and olivine) and melt inclusions within 
olivines, in order to establish the content of major elements in the magma and how they 
varied. Fourier Transform Infrared Spectroscopy (FTIR) analyses were also performed to 
quantify the amount of water within the sideromelane glass at the time of quenching in Lake 
Bonneville. All FTIR analyses were carried out on edifice samples from the mound or tuff 
cone. The results of all these analyses are presented below.  
 
3.3.2. Glass composition 
 Twenty-one samples were considered for glass composition analysis, for the locations 
described in Section 3.2. 
Plotting major-element data against MgO, which ranges from ~ 4.0 - 5.8 wt% (Fig. 
3.6), reveals a simple linear trend in evolution for magma emitted across the course of the 
eruption. Overall, Al2O3 and CaO are positively correlated with MgO, whereas SiO2, FeO and 
K2O are negatively correlated with MgO; Na2O has no obvious trend and shows greater 
scatter. Some internal variability is observed in the mound and tuff cone for SiO2, Na2O and 
K2O, and may be related to minor heterogeneity among grains within the deposits. The overall 
results are consistent with the general trends observed for all the oxides for the different 
deposits (Appendix C). 
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Fig. 3.6. Sideromelane glass major-element variation diagrams for deposits analysed for this study. 
The black arrow indicates the trend upsection in deposits. The black arrow indicates the trend 
upsection in deposits. 
 
Individual stratigraphic units (Fig. 3.7, Table 3.2) tend to show an upsection increase 
in MgO. Samples from the subaqueously formed parts of the volcano (mound) cover a 
broadly similar range in MgO (~4.7 - 5.4 wt%) as those of the medial deposits at Sites 1 and 2 
(~4.2 – 5.6), while samples from Site 3 have a limited and higher range of MgO (~4.9 - 5.7 
wt%). Subaerially emplaced cone samples have MgO of ~5.4 to ~5.8 wt%, and almost no 
overlap with samples from the 3 medial locations, whereas there is general overlap in major 
elements between mound deposits and those from medial Sites 1 and 2 (Fig. 3.7). Site 2 is 
characterized by two geochemical populations, the lowest in the stratigraphy, composed of 
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one unit, being the most evolved, and the upper most one (three units) less evolved. The 
lowest concentrations of MgO (~4 - 4.5 wt%) characterise the lower strata at Sites 1 and 2; all 
mound samples have higher concentrations. For FeO, Sites 1 and 2 match as a whole, and are 
distinct from the cone and other deposits.  
 
 
Fig. 3.7. Glass major-elements vs stratigraphy diagrams for all the deposits analysed in this study, with associated 
standard deviation (1s). The major-element variations are consistent for the different locations, with a general 
increase in MgO and Cao, and decrease in FeO. 
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Table 3.2. Normalised sideromelane glass compositions for mound, tuff cone, Sites 1, 2 and 3. The total variation is in the range 96.03-100.69 wt% (Appendix C), with no systematic 




































SiO2 50.93 0.23 50.75 0.16 50.74 0.19 50.67 0.15 50.49 0.17 49.75 0.26 
TiO2 1.82 0.06 1.80 0.10 1.83 0.06 1.84 0.07 1.84 0.08 1.84 0.08 
Al2O3 15.94 0.16 16.23 0.09 16.26 0.13 16.21 0.14 16.00 0.09 16.53 0.16 
FeO 13.08 0.30 12.52 0.20 12.40 0.21 12.42 0.17 12.52 0.18 12.33 0.17 
MnO 0.25 0.07 0.22 0.08 0.22 0.09 0.20 0.06 0.23 0.07 0.06 0.05 
SO3 0.15 0.07 0.15 0.06 0.19 0.08 0.18 0.09 0.15 0.06 0.23 0.13 
MgO 4.73 0.12 5.15 0.09 5.16 0.08 5.24 0.03 5.18 0.07 5.40 0.08 
CaO 8.06 0.09 8.34 0.18 8.35 0.06 8.41 0.12 8.37 0.08 8.57 0.12 
Na2O 3.50 0.08 3.39 0.05 3.38 0.06 3.36 0.04 3.73 0.05 3.44 0.06 
K2O 1.15 0.04 1.08 0.03 1.08 0.03 1.08 0.03 1.11 0.03 1.27 0.04 
Cr2O3 0.01 0.04 0.01 0.02 0.01 0.03 0.01 0.05 0.02 0.04 0.03 0.08 
P2O5 0.38 0.06 0.36 0.07 0.36 0.04 0.37 0.05 0.36 0.06 0.54 0.05 
Total 100.00  100.00  100.00  100.00  100.00  100.00  

































SiO2 50.54 0.16 50.92 0.26 50.85 0.21 50.86 0.21 50.71 0.28 
TiO2 1.97 0.10 1.95 0.07 2.04 0.06 1.99 0.10 1.99 0.09 
Al2O3 16.36 0.11 16.42 0.12 16.38 0.12 16.43 0.10 16.39 0.10 
FeO 11.78 0.19 11.57 0.15 11.59 0.13 11.51 0.15 11.60 0.12 
MnO 0.22 0.08 0.22 0.06 0.21 0.05 0.24 0.06 0.21 0.06 
SO3 0.14 0.05 0.18 0.05 0.13 0.07 0.18 0.05 0.16 0.09 
MgO 5.58 0.08 5.69 0.06 5.68 0.08 5.72 0.05 5.74 0.07 
CaO 8.68 0.06 8.70 0.09 8.75 0.09 8.69 0.07 8.72 0.08 
Na2O 3.27 0.06 2.91 0.21 2.93 0.19 2.96 0.17 3.05 0.18 
K2O 1.04 0.04 1.02 0.05 1.02 0.04 1.01 0.03 1.01 0.03 
Cr2O3 0.01 0.03 0.02 0.05 0.01 0.04 0.02 0.05 0.02 0.04 
P2O5 0.41 0.04 0.40 0.05 0.42 0.05 0.40 0.05 0.41 0.09 
Total 100.00  100.00  100.00  100.00  100.00  
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Table 3.2. Continued. 
SITE 1 







SiO2 51.78 0.40 51.19 0.41 50.70 0.25 
TiO2 1.97 0.07 1.84 0.07 1.96 0.07 
Al2O3 15.31 0.10 15.93 0.18 16.10 0.17 
FeO 13.55 0.23 12.86 0.30 12.20 0.30 
MnO 0.24 0.03 0.22 0.08 0.22 0.07 
SO3 0.20 0.06 0.18 0.06 0.16 0.06 
MgO 4.20 0.13 4.86 0.27 5.33 0.20 
CaO 7.68 0.09 8.09 0.20 8.40 0.13 
Na2O 3.42 0.07 3.33 0.13 3.43 0.04 
K2O 1.24 0.05 1.12 0.07 1.07 0.05 
Cr2O3 0.01 0.02 0.01 0.04 0.02 0.04 
P2O5 0.42 0.06 0.38 0.06 0.40 0.04 
Total 100.00  100.00  100.00  
 
 
Table 3.2. Continued. 
SITE 2 









SiO2 50.69 0.35 49.91 0.21 50.40 0.21 50.24 0.16 
TiO2 1.91 0.05 1.85 0.08 1.94 0.05 1.99 0.07 
Al2O3 15.84 0.11 16.67 0.13 16.36 0.10 16.34 0.12 
FeO 13.67 0.18 12.20 0.14 12.38 0.20 12.25 0.17 
MnO 0.25 0.05 0.21 0.07 0.18 0.09 0.19 0.09 
SO3 0.18 0.06 0.12 0.07 0.12 0.07 0.12 0.08 
MgO 4.29 0.12 5.39 0.09 5.45 0.09 5.57 0.10 
CaO 7.88 0.15 8.71 0.09 8.56 0.09 8.69 0.10 
Na2O 3.73 0.14 3.53 0.12 3.11 0.13 3.14 0.05 
K2O 1.14 0.04 1.00 0.04 1.08 0.05 1.05 0.03 
Cr2O3 0.01 0.03 0.01 0.03 0.02 0.04 0.00 0.02 
P2O5 0.41 0.05 0.40 0.07 0.39 0.06 0.41 0.05 
Total 100.00  100.00  100.00  100.00  
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Table 3.2. Continued. 
SITE 3 







SiO2 50.40 0.18 50.53 0.18 50.40 0.21 
TiO2 1.81 0.06 1.86 0.06 1.92 0.08 
Al2O3 16.13 0.11 16.09 0.09 16.11 0.12 
FeO 12.55 0.12 12.31 0.14 12.16 0.21 
MnO 0.23 0.07 0.19 0.09 0.21 0.09 
SO3 0.16 0.06 0.08 0.07 0.11 0.07 
MgO 5.22 0.09 5.35 0.12 5.47 0.11 
CaO 8.33 0.11 8.43 0.09 8.52 0.11 
Na2O 3.74 0.07 3.69 0.05 3.63 0.06 
K2O 1.07 0.04 1.08 0.05 1.06 0.02 
Cr2O3 0.01 0.03 0.01 0.03 0.02 0.04 
P2O5 0.35 0.06 0.37 0.06 0.39 0.07 
Total 100.00  100.00  100.00  
 
3.3.3. Mineral composition  
Twelve samples from the mound (location: W-NW gully) were used for mineral 
composition analysis, both for plagioclase and olivine (Table 3.3). 
 Plagioclase is the dominant mineral phase (Murtagh, 2011), and compositions were 
obtained for phenocrysts, micro-phenocrysts and microlites. All the samples analysed have 
plagioclase of labradorite in composition, with only minor variations (An62-68), and scatter for 
individual units up to ± 1.28% (D3A2L10). Plotting these variations against stratigraphy (Fig. 
3.8) reveals that the less-anorthitic phenocrysts are common in the lower stratigraphic units 
(samples D3A2L1 to D3A2L4), while at mid- and high-stratigraphic levels of the mound 
(D3A2L5 to D3A2L12) crystals have a higher percentage of anorthite. Overall through the 
mound stratigraphy there is a slight initial increase in anorthite at first, and then the 
plagioclase composition remains rather homogenous through the rest of the stratigraphy. 
There are no compositional differences among phenocrysts, micro-phenocrysts and 
microlites, nor compositional zonation within them. 
Olivine is less abundant than plagioclase, and due to a rather low contrast of olivine 
crystals in respect to the surrounding groundmass, element maps were obtained in order to 
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identify areas richer in MgO and FeO, and consequently identify crystals of olivine. Olivine 
compositions are rather uniform, Fo72 to Fo77 with scatter up to ± 0.5% (D3A2L5). Although 
this is a narrow compositional range, the forsterite (%) vs. stratigraphy plot (Fig. 3.8) shows a 
systematic variation through stratigraphy, with the forsterite content increasing upsection. As 
for plagioclase, no compositional zonation was found within olivine crystals. 
 
 
Fig. 3.8. Plagioclase (top) and Olivine (bottom) compositions versus stratigraphy in the mound. Anorthite slightly 
increases in the first stratigraphic units and then maintain a more homogeneous composition upper in the 
stratigraphy. Olivine shows increase in Forsterite composition upsection. 
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3.3.4. Water content 
 The total water content in glass was investigated for ten samples at Pahvant Butte, 
from two different locations, mound and Site 1 (five and three samples respectively). Each 
sample was represented by one grain, in turn characterised by 3 to 6 measurements (Table 
3.4). The water contents are expressed as total water (H2Otot), because water species were not 
characterised, nor was CO2 detected above uncertainty. Mound grains (throughout the 
stratigraphy) show a range 0.27-0.45%. Similarly, Site 1 grains are in the range 0.36-0.45%. 
Although the two localities are characterised by nearly identical ranges of H2Otot, neither 
show any systematic variation through stratigraphy (Fig. 3.9). Moreover, they are both 
characterised by large scatter (up to ± 0.09% for mound, and ± 0.06% for Site 1). This 
variation within the same grain can be accounted for grain heterogeneity (presence of 
vesicles, minerals, cracks) and/or analytical error. 
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(previous page) Fig. 3.9. Total water content (H2Otot) versus relative stratigraphy. Results for Mound and Site 1 
are in the same range of total water content, however, no systematic variation is observed. The black arrows 
indicate the sample stratigraphic order reported in the key. 
 
Table 3.3. Plagioclase and olivine components (%) for mound samples. 
Sample Anorthite (%) Standard deviation Forsterite (%) 
Standard 
deviation 
D3A2L12 65.42 1.32 76.71 0.32 
D3A2L11 66.02 1.89 6.38 0.47 
D3A2L10 65.67 2.56 75.19 0.98 
D3A2L9 66.86 1.68 75.87 0.23 
D3A2L8 66.98 1.60 75.16 0.51 
D3A2L7 67.11 2.11 75.17 0.40 
D3A2L6 66.76 2.06 75.49 0.19 
D3A2L5 67.82 1.68 74.93 1.00 
D3A2L4 64.40 2.35 74.75 0.38 
D3A2L3 64.81 2.33 74.11 0.50 
D3A2L2 61.92 2.34 73.27 0.30 
D3A2L1 61.89 2.06 72.42 0.62 
 
 
Table 3.4. Sideromelane glass water content for mound and Site 1. Each sample comprises one grain. 
 Sample H2Otot (%) SD Spots analysed 
Mound 
D3A2L11 0.31 0.03 5 
D3A2L8 0.45 0.18 6 
D3A2L6 0.27 0.11 4 
D3A2L4 0.45 0.08 5 
D3A2L2 0.42 0.14 4 
Site 1 
D6A1L5 0.45 0.04 3 
D6A1L3 0.36 0.12 4 
D6A1L1 0.36 0.03 5 
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3.3.5. Melt inclusions 
Four melt inclusions from mound deposits were found and measured (Table 3.5), with 
post-entrapment corrections applied to all of them (following Roeder and Emslie, 1970 
method). The corrected compositions were used for major-elements vs. MgO plots (Fig. 
3.10), and compared with glass compositions. The results highlight large variability in terms 
of MgO (5.07-7.94 %) and other major elements. Particularly, the two inclusions found in 
sample D3A2L1, occupy a similar range as for the glass, while the individual inclusions for 
samples D3A2L4 and D3A2L7 show more variable geochemical behaviour, generally more 
primitive, with relatively lower SiO2, Al2O3 and Na2O, and higher MgO and FeO. 
 
 
Fig. 3.10. Melt inclusion major-element variation diagrams for Mound deposits. The spectrum of glass 
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Table 3.5. Melt inclusion compositions for mound.  
MOUND   









SiO2 48.93 0.61 48.59 0.59 47.12 0.11 47.39 1.70 
TiO2 1.71 0.13 1.77 0.07 2.40 0.21 2.22 0.28 
Al2O3 15.00 0.41 14.59 2.09 10.95 1.51 12.36 0.36 
FeO 13.26 0.40 13.25 0.67 18.48 3.00 16.29 1.58 
MnO 0.24 0.10 0.26 0.06 0.34 0.02 0.30 0.03 
MgO 5.07 0.45 5.08 1.62 7.94 0.54 7.13 0.43 
CaO 7.75 0.74 8.08 1.23 8.22 0.45 7.55 0.69 
Na2O 3.29 0.15 3.15 0.46 1.87 0.16 2.65 0.13 
K2O 1.12 0.20 1.17 0.46 0.91 0.11 1.47 0.47 
SO3 0.42 0.13 0.55 0.08 0.57 0.01 0.37 0.12 
P2O5 0.37 0.05 0.39 0.04 0.61 0.06 0.37 0.07 
Cr2O3 0.00 0.00 0.03 0.05 0.05 0.08 0.00 0.00 
Total 97.15  96.91  99.45  98.10  
SD= standard deviation, incl= melt inclusion 
 
3.4. Additional results and Discussion 
 To infer eruptive trends from pyroclastic deposits, both their order and manner of 
emplacement must be known. I use information about deposit characteristics and glass 
geochemistry for both the edifice and medial sites to reconstruct aspects of Pahvant Butte's 
eruption.  
 
3.4.1. Interpretation of geochemical trends 
 As pointed out in Section 3.1.2., other basaltic deposits characterise the area which 
Pahvant Butte is part of, both effusive and pyroclastic products. The ash stratigraphically 
closest to the Pahvant Butte ash is the Tabernacle Hill ash, which is characterised by a smaller 
dispersal area than Pahvant Butte. Oviatt and Nash (2014) report geochemical results for the 
two ashes, and the main discriminating oxide is CaO, which is about 1% higher for 
Tabernacle Hill, and shows less variability than for Pahvant Butte (among all the samples 
analysed from those authors and for this study). Oviatt and Nash (1989) also report similar 
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geochemical results for the two ashes. In particular, they sampled both ashes in a single 
stratigraphic sequence (TH-13), which is near our Site 1 (geographic coordinates not provided 
in Oviatt and Nash, 1989), and the results from their Pahvant Butte ash are consistent with 
the results obtained for the ash at our Site 1. However, the Site 1 sequence only has one ash, 
which we infer to have been erupted from Pahvant Butte for the reasons above (see following 
geochemical results). The Tabernacle Hill ash is not exposed here (neither at other sites 
analysed here) and has presumably been removed by erosion. 
For all sites, major-element trends in MgO vs. CaO, Al2O3 and FeO, suggest a melt 
that evolved by crystallization of plagioclase and olivine as previously inferred by Oviatt and 
Nash (1989), and consistent with observed common modal plagioclase, subordinate olivine 
and rare pyroxene. Mass-balance calculations (Table 3.6; additional calculations in Appendix 
C), however, require fractionation also of clinopyroxene to account for CaO variation, along 
with a small amount of Ti-magnetite. For calculations, I use clinopyroxene (diopsidic) and Ti-
magnetite compositions in alkali basalts/trachy-basalts (from Brenna et al., 2014). Control of 
magma evolution by clinopyroxene at depth (~55-75 km; 1.5-2.0 GPa) in a mantle reservoir 
or on the dyke walls during ascent (cf. Smith et al., 2008; Brenna et al., 2010) suggests that 
the eruption was fed by a relatively simple plumbing system, which delivered from depth a 
single batch of magma that experienced no intervening storage in shallow reservoirs (e.g. 
Wang et al., 2002). This is also consistent with the lack of resorption sieving or 
compositional zonation in phenocrysts. The trend through eruption from most-evolved 
(lowest MgO) to least evolved would be consistent with top-down tapping of a density-zoned 
body of magma. 
Melt inclusion data cover a rather wide geochemical range at Pahvant Butte. The 
inclusions found in sample D3A2L1 are not far from eruptive values (glass compositions), 
while inclusions found in samples D3A2L4 and D3A2L7 show more primitive compositions. 
If these inclusions represented the syn-entrapment bulk melt, they would have been trapped 
during different stages of magma ascent, hence at different states of magma evolution. 
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However, usable melt inclusions are uncommon at Pahvant Butte, and the small number of 
analyses so far does not support robust modelling, hence any hypothesis requires further 
testing (see Section 6.2). 
 
3.4.2. Using geochemical trends to correlate edifice deposits with ash-sheet deposits 
Evidence for a simple overall geochemical evolution of the magma (Fig. 3.6), along 
with the consistent upsection trends at each individual site (Fig. 3.7), suggest a progressive 
change in magma through the eruption. This indicates changes through time of emplacement 
in the melt composition sampled. The composition of ash in the medial deposits overlaps with 
that of the Pahvant Butte edifice, which also shows compositional changes through its 
stratigraphy. We have used this relationship to reconstruct inferred relative stratigraphic 
positions of deposits from different sites based on MgO content (Fig. 3.11). It is fortuitous 
that the apparent geochemical trend is a simple one, and we are aware that many eruptions 
show greater complexity (e.g. Schipper et al., 2015, 2016). Had Pahvant's pattern been more 
complex, we would expect to see departures from the consistent upsection MgO trends in ash 
from each site. 
Samples from the bases of Sites 1 and 2 have the lowest MgO, with others from those 
sites overlapping the whole of the mound (Fig. 3.11). The basal beds at those sites appear to 
be the earliest record of the eruption. The lowest part of the mound is not exposed at Pahvant 
Butte, and was not sampled, which would explain the slightly narrower MgO range observed 
for the mound compared to deposits at Site 1. Also not sampled (buried) is the very top of the 
mound and the transition zone through to the lower subaerial cone.  
T he range for Site 3 is smaller, with higher MgO contents similar to those of upper 
mound deposits. Deposition here began later, not long before growth of the subaerial cone 
began. Ash forming the cone has yet higher MgO (Fig. 3.11), and represents the end of the 
evolution trend among the samples analysed (Fig. 3.6). A key implication of the inferred 
 



















Bcomp= bulk composition of material removed; Odiff= observed difference between initial and final magma; Cdiff= calculated difference between initial and final magma; Res= 
















Bcomp Odiff Cdiff Res 
SiO2 51.27 52.56 37.76 52.31 48.22 0.08 47.84 1.28 1.33 -0.05 
TiO2 2.12 1.95 0 0.14 2.42 17.68 0.89 -0.17 0.30 -0.47 
Al2O3 16.37 15.49 0.18 29.96 6.32 6.63 18.58 -0.88 -0.87 -0.01 
FeOtot 11.61 13.40 23.06 0.90 7.04 68.12 7.50 1.79 1.67 0.13 
MnO 0.17 0.20 0.39 0 0.11 0.53 0.11 0.03 0.03 0.01 
MgO 5.89 4.01 38.32 0.17 13.40 6.96 10.54 -1.88 -1.84 -0.03 
CaO 8.76 7.62 0.29 12.48 21.95 0 12.12 -1.14 -1.27 0.13 
Na2O 2.81 3.39 0 3.81 0.52 0 2.28 0.58 0.31 0.27 
K2O 1.00 1.38 0 0.22 0.01 0 0.13 0.39 0.35 0.03 
Total 100.00 100.00 100.00 100.00 100.00 100.00    0 
SSR          0.33 
Wt% phase 
removed 
  19.06 56.81 22.66 1.47     
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relative stratigraphy is that the lake-bed ash deposits formed prior to emplacement of the 
subaerial cone. This raises the question: what process or processes could transport volcanic 
ash from a still-submerged volcano to distances up to 25 km?   
 
 
Fig. 3.11. Combined major-elements vs inferred relative stratigraphy diagrams for proximal and medial deposits 
at Pahvant Butte.  
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3.4.4. Emplacement of the ash sheet  
The subaqueous ash deposits of submerged to emergent phases of Surtseyan eruptions, 
and other subaqueously initiated ones, have rarely been used to help interpret the evolution of 
an eruption. Here they are used to provide information about dispersal processes, and 
potentially about winds and currents at the time of eruption.  
Compositions at Sites 1 and 2 indicate that ash-sheet deposits began forming even 
before the earliest sampled deposits of the subaqueously formed mound, with the most 
extreme compositions from ash-sheet deposits just above the basal contact. This combination 
of information suggests that the ash sheet at these sites began accumulating very soon after 
the eruption began, when the vent is likely to have been tens of meters under water; this is far 
too deep for a basaltic Surtseyan eruption to breach the water surface. In the Surtsey eruption, 
subaerial ash jets and plumes were not seen until there was edifice shoaling and venting 
within a few meters of the surface (Thorarinsson, 1967; Kokelaar and Durant, 1983; 
White, 1996a). Distribution in a subaerial ash cloud could be possible for ash at Site 3, which 
has compositions matching those of upper mound deposits and could have formed coincident 
with jets and plumes that breached the water surface from a shallowly submerged vent (as at 
Surtsey: Thorarinsson, 1967), or with initiation of the earliest, unexposed, part of the 
subaerial cone.  
If ash of Sites 1 and 2 was erupted under water and was not dispersed by wind, it must have 
been dispersed within the water column. Two options are considered: 1) transport in a 
shallow, wind-driven lake current of subaqueously erupted ash injected into shallow levels of 
the lake (Fig. 3.12); 2) transport by eruption-fed density currents across the lake floor (Fig. 
3.13). 
 
Wind-driven current transport 
Settling-velocity results (see Table 3.1) for particles in the ash deposit were used to 
calculate the velocities of shallow lake currents capable of transporting them to their 
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depositional sites (Table 3.7). We consider a 20-m thick surface current (Beletsky et al., 
2003), and assess the likelihood of ash grains having shapes intermediate between smooth 
spheres and extremely angular grains being dispersed in wind-driven surface currents in the 
lake. Water depths at the onset of the eruption are known (Gilbert, 1890; Oviatt and Nash, 
1989), as is the source of the ash at Pahvant Butte. To obtain the current velocity needed for 
the observed distance, the time needed for particles to settle through the shallow 20-m-thick 
current is calculated; once settled through the surface current, it is assumed that particles 
settled vertically to the lake floor. The fastest-settling particles (1910 µm in diameter) settle 
through 20 m of water in only ~0.073 hours (~4 minutes); to have been transported 12 km in 
this time, a surface water velocity of ~165 km/hr (~46 m/sec) would be needed, requiring 
sustained winds of 5500 km/hr (~1500 m/sec) (Beletsky et al., 2003). For the mean grain size 
at Site 1 (255 µm), time to settle in 20 m is ~0.91 hours (~54.6 minutes) hence the required 
current velocity ~13.2 km/h (~3.7 m/s) and driving wind 442 km/h (~123 m/s). The highest 
wind gust measured near Pahvant (at Delta, Utah, about 20 km NNW from Pahvant Butte) 
was 150 km/h, in a thunderstorm microburst (http://www.utahweather.org/2015/02/utahs-
winds.html). For higher latitudes that might be more comparable to Pleistocene climates, only 
extreme storm winds on Lake Superior exceed 110 km/h 
(https://www.weather.gov/media/mqt/Web_presentations/03Sep2010_MarineMeeting.pdf). 
Unlike at Sites 1 and 2, Site 3 ash, except for the basal rippled unit discussed later in this 
section, could have been emplaced by near-surface lacustrine currents with more plausible 
velocities (Table 3.7). Transport of ash by wind-driven lake currents at Site 3 would indicate a 
period of easterly wind, and hence a wind shift from the predominant wind directions inferred 
by Oviatt and Nash (1989) and other authors (e.g., Jewell, 2010). None of the units at Site 3 
show evidence, however, of particle settling through the water column (e.g., normal grading), 
which would be expected for deposition beneath a wind-driven surface current. It is 
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concluded that wind-driven surface currents are unlikely to have dispersed the particles found 
in the lake-floor ash sheet. 
 
 
Fig. 3.12. Simplified sketch (not fully to scale) of the wind-driven current model, showing ash carried in a wind-
driven surface current passing the vent site, either at the beginning of the eruption (a, Site 1 and 2) or when the 
mound approaches the water surface (b, Site 3). Ash reaching shallow levels in the lake is transported laterally 
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Table 3.7. Shallow-current lake velocities calculated for minimum and maximum grain size respectively, for 
medial lake-deposited ashes. 
Location Sample Current velocity for min grain size (km/h) 
Current velocity for max 
grain size (km/h) 
Site 1 
D6A1L5 0.00059 165.13 
D6A1L3 0.00030 165.13 
D6A1L1 0.00346 165.13 
Site 2 
D7A2L4 0.03602 344.02 
D7A2L3 0.01208 183.26 
D7A2L2 0.00062 344.02 
D7A2L1 0.00160 344.02 
Site 3 
D4A1L5 0.00035 5.19 
D4A1L3 0.00035 3.88 
D4A1L1 0.00035 73.55 
 
Density-current transport 
 Eruption-fed density currents can also transport ash, potentially to great distances 
(White, 2000). Upsection geochemical changes at each of Sites 1, 2 and 3 show that thin 
layers represent separate beds formed sequentially by a series of depositional events through 
different periods of the eruption. Given the unreasonable wind speeds needed to generate 
surface currents capable of delivering ash to the depositional sites, we infer that each of the 
thin beds was formed by an eruption-fed density current that passed over one or more of the 
sites. Sites 1 and 2 lie at different distances in a southerly direction from the vent and may be 
considered to have been deposited along a single dispersal path. Depositional features, 
however, do not support bed-by-bed correlation between the two locations, and geochemistry 
of particles at Site 1 and Site 2, although having a similar range of MgO, show differences for 
other oxides (e.g., Al2O3, Fig. 3.6). Also, based on results reported in Fig. 3.7, while the 
eruption proceeded and formed (at successive times) the first two units at Site 1, the same 
units are not geochemically represented at Site 2, which “jumps” to the less-evolved 
compositions of units 2, 3 and 4, which approach the geochemical range of the cone deposits. 
From these observations, we propose that the two deposits were formed by pyroclastic density 
currents spreading along different paths at slightly different times, which would both explain 
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the lack of single beds having depositional features that correlate across the two sites, and the 
slightly different particle geochemistry. Site 3 ash is finer grained. If it was also fed 
subaqueously, its finer grain sizes relative to those at Sites 1 and 2 may reflect positions 
within a broad dispersal field, with only the largest density currents extending to Site 3 along 
their outer margins where only the finest-grained ash particles were carried. 
What drove eruption-fed density currents to such great distances? Kneller et al. 
(2016) modelled sediment transport in oceans by turbidity currents, and their results show that 
turbidity currents moving on low gradients, particularly those dominated by very fine-grained 
sediments, can travel very large distances over the ocean floor. One of the examples reported 
by these authors is the Congo submarine canyon, where a gradient of 0.4° was enough to 
make a turbidity current travel 2.5 m/s (9 km/h), for more than 100 km. The original slope in 
the portion of Lake Bonneville surrounding Pahvant Butte is difficult to reconstruct because 
there are younger sediments, younger volcanic features, and ongoing tectonism in the area. 
However, the ripples at Site 3 indicate a current velocity between 0.9 km/h and 1.6 km/h (~ 
0.25 m/s and 0.45 m/s respectively), suggesting, by analogy with Congo canyon data, that a 
slope of only 0.04°-0.07° would be needed to produce such current velocities at Pahvant 
Butte. With no ripples found at Site 1 and Site 2, the current velocity estimation rests only on 
particle size, but a similar gradient would be expected in Lake Bonneville SSE of Pahvant 
Butte, producing similar density currents. Furthermore, topography of the Lake Bonneville 
basin (Harris et al., 2013) shows no significant impediments (e.g., mountain ranges) between 
the edifice and Sites 1, 2 and 3 that would have prevented eruption-fed currents from reaching 
the sites. Details of the modern topography postdate Pahvant's eruption, instead reflecting 
younger volcanism (e.g., Tabernacle Hill lava field), ongoing tectonic deformation, and 
multiple episodes of isostatic rebound (Adams and Bills, 2016). Jewell (2010) provides a 
paleobathymetric map of Lake Bonneville at its maximum extent, which shows water depths 
in different areas (from <50 m in the southernmost portion of the lake and >300 m in its 
northern portion). Pahvant Butte was already formed at this stage, and possibly the lake 
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topography already modified by the final Bonneville transgressive phase (e.g. by 
formation/migration of barriers, which can happen over a period of a few months, Reheis et 
al., 2014). Water depths shown around the edifice are in the range inferred by previous 
authors (e.g., Oviatt and Nash, 1989), but the map scale/resolution provides no additional 
precision for our Sites 1, 2 and 3. Despite some uncertainty about the detailed 
paleobathymetry of Lake Bonneville at the time of the eruption, we consider that our results 
are best explained by emplacement of eruption-fed density currents (turbidity currents) 
travelling across the lake floor for tens of kilometres. 
 The deposits sampled preserve ash formed and emplaced either definitely (Sites 1 and 
2) or potentially (Site 3) during the subaqueous growth of Pahvant Butte – the later part of the 
subaerial cone-forming eruption is not represented in any of them. At greater distances, 
Oviatt and Nash (1989) identified thin beds of inferred Pahvant Butte ash >50 km north of 
the edifice, outside the Sevier basin. This would suggest transport and deposition downwind 
of fine ash from a subaerial column developed later in the eruption. If Pleistocene winds were 
commonly from the southwest, as are modern winds, then it is probable that aerial dispersal of 
ash produced during emergent phases of eruption would have been to the northeast, and this 
would explain the absence in the examined lake-floor ash sheet of deposits that geochemically 
correlate with those of the Pahvant Butte cone. The Ekman effect (Coriolis deflection of 
moving masses of water relative to direction of the driving wind's direction), would be nearly 
negligible at the lake depth of the Pahvant Butte area (rightward deflection of ~15°), but 
would act to transport ash in wind-driven currents further eastward, away from the sites 
investigated in this study, which are located south, southeast and west from the edifice. 
Bottom currents might also have affected the pattern of transport and deposition of Pahvant 
Butte ash in the Sevier basin. There were two rivers entering Lake Bonneville in this area, the 
Beaver River to the south of Pahvant Butte, and the Sevier River to the north. The former 
discharged water into the lake at a distance of about 100 km from Pahvant Butte, and would 
have had negligible influence at the sampled sites. The Sevier River, entering the lake ~50 km 
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NNE from Pahvant Butte) is considered to have moved large masses of water into and along 
the northern part of the lake (Reheis et al., 2014), but again would have had negligible 
influence at Pahvant or the sampled sites. 
Deposits at distances greater than 25 km were not investigated for the present study, 
but have been identified in the Bonneville basin (Oviatt and Nash, 1989). Re-sampling of 
those deposits, and excavation or coring of ash beds covered by Holocene deposits to the 
north and east of the volcano, would support more-complete reconstruction of ash dispersal 
patterns, and analysis of different transport processes acting to transport ash from Pahvant 
Butte through the course of its eruption, as well as during subsequent erosion and reworking. 
 
 
Fig. 3.13. Simplified sketch (not fully to scale) of the density current model. Pyroclastic eruption-fed density 
currents at Surtseyan volcanoes, as described by White (2000), can develop both at the onset of the eruption (a, 
Sites 1 and 2), and as the eruption proceeds and becomes shallower, until emerging (b, Site 3). Site 1 and Site 2 
are not shown in sketch b because off axis, but they were also forming and emplacing at this time. Note that the 
lake depth at our medial sites may have exceeded 85 m. 
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3.4.3. Role of magmatic water in shallow subaqueous conditions 
No data on content of dissolved water in glass have been published for Pahvant Butte. 
Here I evaluate a quantitative approach, after Nichols et al. (2002) who proposed that the 
ratio H2O/K2O for the Reykjanes Ridge, Iceland allowed estimation of the grade of hydration 
or degassing (including the intermediate terms) of the magma. Particularly, they associated a 
low H2O/K2O ratios (<1) to intense water degassing at low pressures; intermediate H2O/K2O 
ratios (1-2) to moderate or low degassing; and high H2O/K2O ratios (>2) to magma hydration 
(e.g., assimilation of hydrous crustal material or presence or water-rich, K-poor phases). The 
H2O/K2O ratios for this study (Table 3.8) indicate that the melt, now solidified as groundmass 
glass of the pyroclasts, underwent intense degassing at the time of eruption. Specifically, 
these ratios vary between 0.21 (D3A2L6) and 0.42 (D6A1L5). The two deposits analysed do 
not show any consistency in the variations observed through the stratigraphy. On the other 
hand, both deposits occupy the same water content range (~ 0.3 - 0.5 %). Overall, the large 
scatter observed for Pahvant Butte samples does not support confident inferences about the 
role of magmatic water during the eruption. 
 
Table 3.8. Ratios between H2O and K2O (averaged values) for mound and Site 1 samples. 
 Sample K2O (wt%) H2O (%) H2O/K2O 
Mound 
D3A2L11 1.4 0.31 0.22 
D3A2L8 1.41 0.45 0.32 
D3A2L6 1.28 0.27 0.21 
D3A2L4 1.5 0.45 0.30 
D3A2L2 1.4 0.42 0.30 
Site 1 
D6A1L5 1.05 0.45 0.42 
D6A1L3 1.1 0.36 0.32 
D6A1L1 1.22 0.36 0.29 
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3.5. Pyroclast vesicularity 
3.5.1 Introduction 
 For the present study, I analysed two suites of samples from the same general 
stratigraphic level. One is the set of samples collected for this PhD project (e.g., D3A2L6) 
and the other one, available in the Geology department archive at the University of Otago, is 
from Murtagh (2011) (e.g. PBm1520). Murtagh’s field samples have been already used for 
her PhD work for two-dimensional vesicle characterization, and in particular, the medium-
coarse lapilli fraction (White and Houghton, 2006) was mostly investigated. Here, however, 
targeted subsamples, with sideromelane glass, were extracted from her field samples. Those 
sideromelane-rich clasts from Murtagh's field samples, together with sideromelane-rich 
samples collected by me for this work, have been used for three-dimensional vesicle 
characterization through X-ray computed micro-tomography. The reason to analyse both 
suites lies in the choice of the grain size. Selected samples from Murtagh’s suite are generally 
a bit coarser (mostly medium lapilli) than those collected by me in the field (mostly fine 
lapilli), whose grain size in turn was chosen in order to potentially retain a much more-precise 
record of the magma’s state at the time of quenching. Hence, here I obtain 3D vesicle 
information from particles taken from field samples which were initially chosen to 
accomplish different targets. Murtagh’s selection of clasts for analysis was designed 
specifically to obtain data comparable with that from previous studies, which dictated the size 
of particles. A side-effect of this choice was that virtually all pyroclasts she analysed 
comprise tachylitic glass. Here tachylite clasts have been avoided, for the reasons reported in 
Section 2.4.  
 The 2D vesicle data available from Murtagh (2011) for Pahvant Butte (and Black 
Point, Murtagh, 2011; Murtagh and White, 2013) are not directly comparable with 3D data 
from this work. The combined dataset presents, however, a unique opportunity for testing 
whether the same information can be extracted with the two different techniques, given that 
both have been used to support interpretations of intra-conduit volcanic processes. 
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3.5.2. 3D vesicle characterization 
 Eight samples have been analysed, four collected during this study and four extracted 
from Murtagh’s field samples, from the mound sequence. Two to four grains per sample were 
analysed, but results for only one representative grain per sample are presented (summary in 
Table 3.9; all grains characteristics in appendix D). Maximum grain diameters are in the range 
of fine lapilli – medium lapilli (White and Houghton, 2006). Subsamples from Murtagh’s 
field samples range from 2786 µm to 7373 µm, and those from my field samples vary 
between 3162 µm and 4692 µm.  
 The volumes of interest (VOI’s) used for Pahvant Butte grains, reflect their size and 
shape. For Murtagh’s sample suite, VOI’s are in the range 0.46 – 17.5 mm3, with an average 
of ~6.7 mm3 among all the grains considered. VOI’s from this study are in a narrower range, 
from 1.98 mm3 to 6.95 mm3, with an average of ~4.9 mm3. Voxels (three-dimensional 
equivalent of pixel) in the scans analysed (IMBL – Australian synchrotron) have face lengths 
of 6 µm (voxel volume 216 µm). 
CT-Analyser software allows me to measure from 3D volumes the closed vesicularity 
(by software definition, a closed vesicle is a vesicle that is not connected with the outside of 
the grain, therefore, closed vesicularity is the total volume of closed vesicles divided by the 
VOI considered) and total vesicularity (i.e., total volume of vesicles divided by the VOI 
considered). By knowing the total number of vesicles within the VOI, I can calculate the 
vesicle number density (number of vesicles per unit volume, Nv).  
 Total vesicularity (Ftot) for the samples selected at Pahvant Butte is generally low 22-
32% (average 27%) for mound subsamples from Murtagh’s field samples, and ~28% for 
mound samples acquired for this work. Closed vesicularity (Fclosed) also has a narrow range of 
low values, 0.7% -1.1%, and 0.8% -2.1% for mound samples from Murtagh's and this work 
respectively. 
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 Vesicle number density (Nv) at Pahvant Butte is on the order of 102 vesicles/mm3 (Fig. 
3.14). For Murtagh’s suite the range for mound samples is between 296 vesicles/mm3 and 502 
vesicles/mm3, while in samples from this work the range is 257-418 vesicles/mm3.  
 A common way to interpret vesicularity data is through vesicle size distribution plots 
(VSD), vesicle volume distribution plots (VVD) and the equivalent cumulative ones (CVSD 
and CVVD) (Shea et al., 2010). However, they have been mostly used for 2D data, or 
stereological converted 3D data, therefore, given the limited amount of data available, a direct 
comparison with our 3D data is not straightforward. Polacci et al. (2008, 2009, 2012) used 
combined cumulative and non-cumulative vesicle volume distributions to investigate the 
eruptive conditions at different volcanoes; in particular, they plotted log vesicles volumes vs. 
log number of vesicles per mm3, differently from VVD for 2D data converted by stereology to 
provide 3D volumes (vesicle diameter vs. volume fraction). The advantage of making log-log 
plots lies in the fact that VVD and CVVD can be represented in the same plots for better and 
more immediate comparisons among different grains. Polacci’s method is used here. 
Overall, there is little variability among the different stratigraphic units and between 
the two sample suites analysed (Fig. 3.15). The vesicle volumes for Murtagh’s mound 
samples broadly range from ~102 µm3 to ~1010 µm3. Samples PBm1469_2 and PBm1510.2_2 
lack the largest vesicle volume population of nearly 1010 µm3, with an absence of intermediate 
vesicle volume populations between ~106 µm3 and ~108 µm3; sample PBm1520_1 has 
populations between ~108 µm3 and ~1010 µm3; the highest sample in the stratigraphy analysed 
for this suite, PBm1535_1, is characterised by a narrower vesicle volume range (~ 102 – 106 
µm3), though there is a population of ~109 µm3 vesicles. The minimum Nv fluctuates between 
0.06 vesicles/mm3 (PBm1520_2) and 2 vesicles/mm3 (PBm1510.2_2), while maximum Nv is 
between 42 vesicles/mm3 and 69 vesicles/mm3. CVVD plots show different slopes of the 
curves with multiple steps for all the samples considered. All of them are described by power 
law, with R» 0.99 and exponent between -0.73 (PBm1469_2) and -1.3 (PBm1535_1). The  




Fig. 3.14. Vesicle number density (Nv) bar charts for both sample suites considered for this dissertation 
(subsamples from Murtagh’s field samples, top image; from samples acquired for this work, bottom image). Note 
that samples from this work show a slightly lower range of Nv, but still of the same order as for samples from 
Murtagh’s (see text for further details).  
 
sample suite from this study offers large similarities to Murtagh’s sample suite. The majority 
of the vesicle volume fractions covers the range ~ 102 - 109 µm3, and the lack of vesicle 
volume populations between ~107 µm3 and ~109 µm3 is a characteristic here as well; this 
feature is more evident for sample D3A2L6_1. The minimum Nv varies between ~ 0.1 
(D3A2L5_3) vesicles/mm3 and 0.5 vesicles/mm3 (D3A2L6_1), and maximum Nv between 29 
vesicles/mm3 (D3A2L10_2) and 63 vesicles/mm3 (D3A2L6_1). CVVD’s are fit by a power 
law, with R» 0.99, and the exponent of the equation between -0.87 (D5A1L1_2) and -1.22 
(D3A2L10_2). Even here, as for Murtagh’s sample suite for mound, all the CVVD curves are 
characterised by multiple steps; the reasons for this will be explained in the discussion below. 




Table 3.9. Three-dimensional vesicle data summary.  














PBm1535_1 upper mound 4694 7.87 0.69 0.00032 32.41 296.13 -1.30 
PBm1520_1 mid mound 7373 17.50 1.10 0.00063 27.63 454.66 -1.15 
PBm1510.2_2 lower mound 2786 0.46 0.77 0.00333 25.93 501.90 -0.94 
PBm1469_2 lower mound 2932 0.92 0.74 0.00097 22.01 447.16 -0.73 
Mound 
D3A2L10_2 upper mound 4691 6.69 2.14 0.00019 28.15 257.26 -1.22 
D3A2L6_1 mid mound 3162 1.98 1.04 0.00041 27.97 417.95 -1.08 
D3A2L5_3 mid mound 4433 6.95 0.84 0.00057 28.35 327.09 -1.07 
D5A1L1_2 lower mound 3888 3.86 1.04 0.00040 28.49 259.68 -0.87 
 












Fig. 3.15. Mound vesicle volume distributions (VVD, black bars) and cumulative vesicle volume distributions 
(CVVD, open blue squares) from Murtagh’s sample suite in 3D (A) and this work's sample suite in 3D (B). 
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3.5.3. Discussion 
Vesicularity results offer insights into the nature of intra-conduit processes and 
eruption dynamics at Pahvant Butte. 
The choice of the fine lapilli – medium lapilli size fraction reduces effects of post-
fragmentation modifications (e.g., post-fragmentation vesiculation) of large particles, and loss 
of information on large vesicles resulting from analysis of fine ash. At the same time, 
different sample suites were selected for this study to compare similar stratigraphic levels 
with slightly different grain size ranges, but same glass textures, in order to assess whether 
these grain sizes retained the same, similar, or different information on the vesiculation 
processes. 
As anticipated in Section 3.5.1, 2D+stereology vesicle data are not directly 
comparable with 3D vesicle data. A few attempts were made in the past (e.g., Baker et al., 
2011; Giachetti et al., 2011), however, this comparison still remains a challenge for 
geoscientists because of the series of assumptions, hence limitations, needed to make the two 
comparable (e.g., assumption of perfectly spherical vesicles in 2D vs. real complex vesicle 
shapes in 3D). For example, vesicularity results from Murtagh (2011) from a 2D+stereology 
vesicle characterization of Pahvant Butte pyroclasts, show a range in vesicle number density 
(Nv= 5.4x102-4.8x104 vesicles/mm3) compared to the range found by tomography in this work 
(Nv= 2.96x102-5.02x102 vesicles/mm3). This difference is probably because vesicle 
characterizations in two dimensions do not consider vesicle connections in the third 
dimension, nor complex vesicle shapes (e.g., elongated in the 3rd dimension). These 
differences mean that the 2D+stereology approach can considerably increase the total number 
of vesicles in a given volume, resulting in a higher Nv (as is reported here) while also 
underestimating vesicle sizes. Even with original imaging at the same resolution, direct 
comparisons cannot be made between 3D tomography-derived values and values acquired 
with traditional 2D measurements combined with stereology. 
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 For the interpretation of VVD and CVVD obtained for this work, I need to rely on 
inferences made based on equivalent 3D vesicle datasets. Bai et al. (2008) conducted 
experiments on bubble growth in Stromboli basalts, and compared these results with results 
from experimental samples through the interpretation of VVD’s and CVVD’s. These authors 
found that the early stage of degassing is dominated by gas expansion at low rates and these 
rates increase when vesicularity is higher than 18%, with coalescence becoming dominant 
over bubble expansion. For vesicularities over 65% a foam (which is thought to be precursor 
to magmatic fragmentation, Sparks, 1978) is formed. Bai’s work reports as a clear evidence 
of coalescence the flat geometry of the cumulative curve toward larger vesicles, constraining 
also a direct correlation between vesicularity and degree of coalescence. Furthermore, the 
same authors found a direct correlation between vesicularity and the negative power law 
exponent, for vesicularities up to 65%, while higher vesicularity (F > 65%) are represented 
by an exponential law. The power law distributions are also associated, by the same and 
previous authors (e.g., Gaonac’h et al., 1996; Blower et al., 2002), with bubble coalescence 
and multiple bubble nucleation events. 
 The VVD and CVVD plots obtained and interpreted here, provide insights on the 
possible processes taking place into the conduit at Pahvant Butte. The power law 
distributions, observed in all the plots, are indicative of multiple bubble nucleation and 
coalescence events, the latter also supported by the pronounced flat geometry at the bottom of 
the CVVD curve (Bai et al., 2008). One sample (PBm1520_1) clearly shows multiple 
coalescence episodes as well, forming two populations of generally larger vesicles (~107 µm3 
and ~1010 µm3). Other samples show only one main coalescence event, leading to a vesicle 
volume up to about 109 µm3. Therefore, the samples analysed at Pahvant Butte show 
coalescence being an important process taking place in the conduit, along with multiple 
bubble nucleation events. None of the samples selected show clear signs of early exsolution 
dominated by only bubble expansion (F < 18%). I do not exclude this hypothesis, however, 
CHAPTER 3 PAHVANT BUTTE 
 81 
due to the variability observed within similar stratigraphic units (Murtagh’s sample suite vs. 
this work's sample suite) and the lack of a statistically important dataset (see also Section 6.2). 
On the other hand, based on Bai et al. (2008) and later authors (e.g., Polacci et al., 2012) 
findings, the power law exponents for Pahvant Butte samples are positively correlated with 
the relative total vesicularity data. None of the samples analysed here have intermediate to 
high vesicularity (the most vesicular sample analysed at Pahvant Butte was 32%), shifting to 
an exponential mathematical law. Given these vesicularity results, as Bai et al. (2008) 
indicate, no foam (precursor of bubble-expansion-driven fragmentation) was formed during 
magma ascent at Pahvant Butte. 
The largest vesicles at Pahvant Butte reach ~109 µm3 (~1 mm3), sizes similar to those 
investigated by several authors (e.g., Bai et al., 2008; Polacci et al., 2012) for medium-high 
intensity basaltic eruptions. Such sizes would require either enough time for the bubbles to 
grow and coalesce, or a fast coalescence rate, which may be possible here because of the low 
viscosity of the basaltic melt. Low viscosity is consistent with the sideromelane clasts having 
only small amounts of microlites. It is known that microlites increase magma viscosity and 
inferred that they can enhance explosivity up to Plinian intensity (Sable et al., 2009). 
Murtagh and White (2013) identified tachylite domains at Black Point, which were inferred 
to represent slower-rising or temporarily stagnant portions of the erupted magma, with 
slowing and stalling probably taking place near the walls of the conduit; their textures 
represent pre-fragmentation conditions for only part of the erupted magma.  
Rendered volumes (example in Fig. 3.16) show that larger vesicles (inferred to result 
from intense coalescence) are located near the edges of the VOI, hence near the edges of the 
grain at a broader scale. If these portions were used as weak areas for magma fragmentation, I 
would expect an indirect relationship between the presence of coalesced large vesicles within 
a sample and its closed vesicularity. The sample with the lowest closed vesicularity is 
PBm1469_2, which is the one with indications of rather intense coalescence. 
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To conclude, the variability observed at the scale of the single deposit at Pahvant 
Butte (similar mound stratigraphic levels for different sample suites), suggests some 
heterogeneity within the conduit, and this heterogeneity is even larger across the full size 
range of pyroclasts present. I have focused on pure (i.e., not mingled with tachylite) 
sideromelane grains. Assuming that these grains represent the pre-fragmentation state of the 
'freshest', most recently arrived magma, the VVD and CVVD inferences support an 
interpretation that explosivity at Pahvant Butte must have been mainly driven by multiple 
magma-water interactions, which did not permit a full growth of the bubbles to yield high 
levels of vesicularity, intense coalescence, and formation of a foam. Equivalent information 
was obtained in Murtagh (2011) in terms of multiple bubble nucleation events and 
coalescence, with the difference that no evidence of bubble collapse resulted from this 
tomographic study.  
 
 
Fig. 3.16. Example of a grain (PBm1510.2_2) with large vesicles (highlighted in red and green) near its edges. 
Two-dimensional (a, c) and three-dimensional images (b, d) are reported for full grain and VOI respectively. 
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3.6. Summary  
 The Pahvant Butte eruption in Pleistocene Lake Bonneville produced an emergent 
Surtseyan volcano and deposits of ash on the floor of the surrounding lake. Geochemistry of 
these medial-lake deposits, together with the edifice deposits of mound and tuff cone, showed 
that the former ones were formed, transported and emplaced during the subaqueous stage of 
the eruption. On this basis, modelling of shallow-lake currents allowed me to argue that 
distribution of tephra at medial sites is most likely to have been accomplished by eruption-fed 
density currents, that transported tephra for over 20 km. This is supported by the 
unrealistically high wind speeds required to generate surface currents capable of distributing 
the ash, and from geological evidences (e.g., cross-lamination at Site 3). 
 Geochemical variations of glass and minerals (plagioclase and olivine) indicate a 
relatively simple plumbing system, which delivered from depth a single batch of magma that 
experienced no intervening storage in shallow reservoirs. 
Further work is needed in the Bonneville basin to assess the ash-sheet dispersal from 
Pahvant Butte at other sites (e.g., farther to the north and east), in order to investigate the role 
of winds in later, subaerial, stages of the eruption, and to complete the analysis of lacustrine 
ash dispersal as the volcano grew into the lake. 
 Three-dimensional vesicle data show relatively low vesicularity and low vesicle 
number density for sideromelane lapilli at Pahvant Butte. These results, in addition to 
indication of bubble coalescence and multiple episodes of bubble nucleation and growth from 
vesicle volume distributions, suggest that fragmentation at Pahvant Butte was not driven by 
volatile expansion, but rather by magma-water interactions (see also Fig. 6.1).  
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In parallel to Pahvant Butte, aims for the work conducted at Black Point were to infer 
the eruption dynamics and fragmentation mechanisms through: 
 
• Geological observations and relative interpretations in the field 
• Targeted sampling of edifice deposits (mound and tuff rings) and tephra deposited in 
Lake Russell at proximal and medial sites (ash-sheet) 
• Glass geochemical data of edifice and ash-sheet deposits  
• Three-dimensional vesicle data from selected pyroclasts 
 
The main research questions that I want to address here are:  
 
• Were the ash-sheet deposits formed during the subaerial or subaqueous stage of the 
eruption? 
• What were the transport/emplacement mechanisms of the proximal/medial-lake 
deposited ash? 
• Was the eruption mainly driven by magmatic or phreatomagmatic fragmentation? 
• Where can the Black Point eruption be collocated in the context of Surtseyan 
volcanism? 
 
4.1.2. Geological setting 
Black Point is located in the western part of the Northern Basin and Range (Fig. 4.1a; 
terminology after Jones et al., 1992), ca 25 km east of the Central Sierra Nevada and within 
the Mono Basin (a post-Miocene structural depression), which is in turn situated north of 
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Long Valley caldera (Fig. 1 in Kelleher and Cameron, 1990). The entire area has been 
characterized by a complex style of extension (Jones et al., 1992), resulting in a diffuse 
volcanism in the Quaternary. Most of this volcanism is associated with the Long Valley 
caldera and Mono Basin. The Long Valley volcanic region produced in its initial stage 
trachybasaltic and trachyandesitic lavas (from ~3.6 Ma; Bailey, 1989, 2004), shifting to more 
silicic compositions in later eruptions (2.1 – 0.8 Ma; Metz and Mahood, 1985) that formed 
lava domes, lava flows and tuffs. The caldera-forming eruption, which created the current 
oval depression of the Long Valley caldera, erupted about 600 km3 of rhyolitic magma, 
covering most of the surrounding area with ash-flow deposits (Bishop Tuff), including the 
southwestern part of the Mono Basin. Subsequent activities were characterised by lower 
intensity eruptions of mostly rhyolitic magmas.  
The Mono Basin contains several volcanic landforms formed in the last 40.000 years, 
most of them fed by a magmatic system that propagated northward (Bailey, 1989; Hildreth, 
2004). As a result of this migration, a group of volcanic vents of rhyolitic composition 
formed, the Mono-Inyo craters, extending from the northwest edge of the Long Valley caldera 
across the Mono Basin. North of this region, there is a cluster of younger volcanic vents 
(composition ranging from basaltic, dacitic to rhyodacitic) that have been considered as part 
of a magmatic sub-system not related to the main one in the area. These vents include the 
Mono Lake islands, Negit and Paoha, and Black Point (e.g. Lajoje, 1968; Bailey, 1989; 
Kelleher and Cameron, 1990). Negit island comprises a cinder cone and associated lava, 
inferred to have formed between 1700 and 400 years ago (Stine, 1988). Paoha island is a 300-
year-old dacitic dome that pushed up lake-floor sediments. Black Point, the object of this 
study, is described later in this chapter. 
 
4.1.3. Lake Russell 
 Lake Russell (Fig. 4.1b) was one of the Quaternary pluvial lakes of the Great Basin. It 
is named after Israel Russell, who, together with Grove Karl Gilbert, first studied pluvial 
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lakes in the western United States (Russell, 1885; Gilbert, 1890). Lake Russell experienced 
several minor phases of regression and transgression during its history, but throughout much 
of the Pleistocene, the lake maintained a level far above the modern one. These lake level 
changes have been attributed mostly to Quaternary faulting and volcanism (Reheis et al., 
2002). In relatively recent times (~13,000 yr B.P.), Lake Russell reached its maximum 
highstand as a result of deglaciation (Lajoje et al., 1982; Benson et al., 1990). Today the 
Mono Basin is partially occupied by the remnant of Lake Russell, Mono Lake. Mono Lake is 
a saline hydrographically closed lacustrine system. The current surface area of the lake (~180 
km2; Stine, 1990) and the lake elevation (1946 m a.s.l.) results from numerous human 
interventions over the last 150 years, when the first Europeans settled in the area, however, 
data are available since 1911. An extensive study of Mono Lake's (» Lake Russell) 
Pleistocene fluctuations has been conducted by Ali (2018). He reconstructed Mono Lake's 
history through the last 25,000 years using stratigraphy, geomorphology and geochronology. 
He assigns the lake level variations inferred to three main climatic intervals: the coolest time 
of the last glaciation (Last Glacial Maximum, LGM); the period corresponding to the rapid 
termination of the last glaciation (the deglaciation); and the early Holocene, a period of 
inordinate warmth that immediately followed the last glaciation.  
 The precipitation pattern affecting Mono Lake, today, decreases eastward. At the top 
of the Sierra Nevada mountains there is ~1300 mm/yr (mostly snow), decreasing to ~370 
mm/yr at the western margin of Mono Lake, and then to only ~140 mm/yr on the northeastern 
side of the lake (Vorster, 1985). Thus, there are larger canyons/creeks (e.g. Lee Vining creek, 
Wilson Creek) on the western and northwestern margin of Mono Lake, substantially 
decreasing in number and size eastward, though these were more active during the last 
deglaciation period.  
 Study of sand dunes indicates that local wind circulation during deglaciation was 
dominated by southwesterly winds (Lajoie, 1968). Custer (1973) reached the same 
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conclusion through a study on Black Point ash dispersion. Current regimes are consistent with 
those inferred by previous authors, but given the topography around Mono Lake, local 
currents might have been active during the last deglaciation, and wind shifts would be 
expected over the time-scale of the Black Point eruption. 
An important feature of Mono Lake and the surrounding area is the presence of tufa 
deposits (i.e., carbonate concretions). Tufa origin at Mono Lake has been attributed to calcite 
precipitation in the spring-lake mixing zone, with subsequent dissolution and calcite 
precipitation (Dunn, 1953), or calcite precipitation in association with algae (Scholl and 
Taft, 1964). Two different types of tufa deposits can be found around Mono Lake (Fig. 4.2), 
distinguishable in terms of age and morphological features: the youngest type (< 15,000 y 
B.P., Stine, 1988) is the lithoid tufa, which is located on the south-west shoreline of Mono 
Lake and consists of towers up to 5 m high and up to 3 m wide. The other type is tufa with the 
characteristic rare mineral ikaite (also called thinolitic tufa); these deposits are more widely 
distributed around Mono Lake, formed in the Pleistocene Epoch, and are centimetric to 
decimetric in scale, with a typical flower-looking shape. Thinolitic tufa is stratigraphically 
associated to the Black Point eruption, and a useful tool for paleoclimatic studies. As will be 
highlighted later in Section 4.2, it can be consistently found at the top of the Wilson Creek 
Formation, but also at different elevations on Black Point volcano. 
 
4.1.4. Black Point 
Black Point (2118 m a.s.l.) (Fig. 4.1c) is a subaqueous to emergent basaltic volcano 
(1.3 km in diameter and 130 m high) that lies on the northern shore of Mono Lake, California. 
The eruption that formed Black Point took place in the northwest part of Lake Russell 13,300 
± 500 yr B.P. The activity began about 105 m below the water level (Custer, 1973) and it is 
inferred that the subaqueous phase of eruption built up a volcanic mound (terminology after 
White, 2000), with minor late-stage edifice emergence allowing formation of an apparent 
cluster of low tuff rings. The eruption is estimated to have produced ~0.8 km3 of material 
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(Custer, 1973). Mound and tuff ring deposits show a number of features, both 
geomorphological and textural, that allow easy distinction of mound vs. tuff-ring deposits in 
the field. The mound is composed of sub-horizontal layers of glassy, unaltered, unlithified 
tephra, with a scarcity of country-rock lithic fragments. Moving upward through the 
stratigraphy, the tephra is more indurated, until shifting upward to the lower transitional grey 
tuff deposit first, and upper consolidated tuff-ring deposits at the top (after Murtagh, 2011). 
The top of the mound is characterised by a flat surface, overlain by palagonitized tuff ring 
deposits. The tuff rings comprise units of palagonitized tuff and lapilli tuff, with local 
preservation of glass cores in larger particles. Lithic clasts are abundant in the ring deposits, 
and are mostly granitic and metamorphic in origin, inferred to be sourced from Sierran glacial 
gravels (Custer, 1973); there are also fragments of lacustrine sediment. Unlike in the lower 
 
 
Fig. 4.1. Black Point location. (a) Overview map of the Northern Basin and Range province in the western United 
States (terminology after Jones et al., 1992). (b) Map of Pleistocene Lake Russell (at maximum highstand), with 
Black Point (BP, orange star) situated on the NNE shoreline of the current Mono Lake. (c) Black Point viewed 
from the south (distance ~5 km); the dashed blue line here represents the inferred syn-eruptive lake level (Custer, 
1973). 
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unconsolidated mound deposits, the ring deposits have in many places steeply dipping beds 
(up to 45°), and are cut by numerous angular unconformities formed when channels were cut 
into earlier ring layers then infilled by later ring deposits. Custer (1973) identifies four 
depressions on the summit, possibly indicating the presence of different active vents during 
the eruption, while in an unpublished IAVCEI workshop guide, White and Pauly (2007) 
identify as many as seven full to partial rings. The presence of ash-coated lapilli (armoured 
lapilli in White, 2000) in some beds, and segregation of fine and coarse grains in others 
(Sohn, 1996) within the tuff rings indicates deposition from wet and dry pyroclastic currents 
respectively. All these differences between mound and tuff ring deposits underpin the widely 
accepted idea that the mound represents the subaqueous phase of the eruption and the tuff ring 
its subaerial phase, with increased grade of alteration upsection in the inferred subaerially 
deposited units. The upper tuff rings are also cut by fissures running approximately north-
south across the centre of the edifice, locally coated with tufa, considered to have formed as 
post-eruption extension cracks (Lajoie, 1968) 
 There is no evidence of effusive activity, nor any sign of significant breaks (e.g. 




Fig. 4.2. Tufa types around Mono Lake. (a) Lithoid tufa towers on the SW shoreline of Mono Lake (seagull on the 
left-hand side for scale). (b) Thinolitic tufa in lacustrine sediments in a deposit ~5 km north-east of Black Point 
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4.2. Sample locations and deposit characteristics 
 The samples selected for this study cover the range of eruptive deposits from Black 
Point, including deposits of the edifice (mound, tuff rings), and of deposits that formed an ash 
sheet in the lake at different distances from the volcano. The ash-sheet deposits allow study of 
dispersal, and in combination with the edifice deposit characteristics offer insights into the 
mechanisms of ash transport in and above Lake Russell.  
 
4.2.1. Sample Locations 
 Mound samples were collected in two locations, one representing lower-medium 
levels of the mound between ~1974 m a.s.l. and ~2004 m a.s.l. (samples D11A1L1-L4), 
collected in a quarried area on the southwest side of the edifice, and the other one 
representing the upper mound (samples D11A2L1-L2) on a cliff high along the southern edge 
of Black Point (between ~2020 m a.s.l. and ~2030 m a.s.l.) (Fig. 4.3). A total of six samples 
were collected for the mound. The tuff rings were sampled at two different sites; a lower tuff 
ring was sampled at an elevation of ~2065 m a.s.l. (samples D14A2L1-L2). The upper, 
higher-elevation, sample is from a tuff ring on the west side of summit; two units separated by 
a sharp contact were sampled (D13C1-C2), at an elevation of about 2100 m a.s.l. (Fig. 4.3). 
The ash sheet deposits were sampled in proximal and medial lake locations, termed Site A, 
Site B and Site C (Fig. 4.3). Site A is the ash deposit high within the Wilson Creek Formation 
described by Lajoie (1968). Twelve (12) samples (D10A1L1-L12) were selected from about 
6 m of Black Point ash (the thickness is variable along Wilson Creek) at this site, located 
about 2 km west from the centre of the edifice. Site B (three samples, D10A3L1-L3) is a road 
cutting located about 5 km to the NE of Black Point. Finally, Site C (three samples, 
D12A2L1-L3) exposes ash in a gully about 16 km to the SE of Black Point. 
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4.2.2. Deposit characteristics  
 Black Point is composed of three main deposits: unconsolidated mound, transitional 
consolidated tuff (here referred as to lower tuff ring) and upper consolidated tuffs (upper tuff 
rings). In addition to these, some of which are also described by Murtagh (2011) and 
Murtagh and White (2013), I provide new descriptions from this work of proximal and 
medial lake-deposited ash from the ash sheet formed during eruption of Black Point volcano. 
 
Fig 4.3. Black Point sample locations for edifice and proximal/medial deposits. (a) Overview satellite image of 
Mono Lake with all the sample locations highlighted around Black Point (BP). Close-up satellite images for Black 
Point, Site A, Site B and Site C are reported in the coloured squares. 
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Representative grain size distributions for mound (data from Murtagh and White, 2013) and 
ash sheet deposits (this work) are reported in Fig. 4.4. Note that the laser diffractometry grain-
size data from Site A do not include clasts coarser than ~2000 µm (although they are present 
in the deposit; full granulometry data for Site A are available in Murtagh, 2011). 
 The unconsolidated mound (Fig. 4.5a) comprises an ash-poor sequence of deposits 
that are, despite the paucity of matrix, poorly to very poorly sorted deposits in Folk and 
Ward (1957) terms (1.2 to 2.4 s), with mean grain size in the range 2500-5700 µm (-1.3 F 
and -2.5 F) (mound granulometry data are from Murtagh and White, 2013). Structureless 
thick beds and thin laminae of tephra alternate up through the stratigraphy, with discontinuous 
lenses of coarser grains. The beds dip shallowly outward from the edifice interior, and 
bedding contacts are sharp to gradational. The features indicate lateral transport and 
deposition from density currents. The two different locations sampled present similar 
characteristics, but the lower/medium mound (D11A1L1-L4) is extensively loose (Fig. 4.5a), 
with no cement in it, while the upper mound (D11A2L1-L2) (Fig. 4.5b) is weakly cemented 
by thin coatings of carbonate on the grains. 
 The lower tuff ring deposit (Fig. 4.5c) is a grey tuff, partially altered to palagonite and 
contains juvenile particles of different size (fine lapilli to blocks, White and Houghton, 
2006). Dips of layers are chaotic and relatively steep (locally up to ~40°), and there are local 
faults and folds; the specific part sampled seems not to be deformed and has relatively thick 
sub-horizontal layers. The upper tuff ring deposits show distinctive and intense 
palagonitization, giving a typical orange/yellow-ish colour to the tuff. The tuff includes 
juvenile particles of different sizes (fine lapilli to bombs, White and Houghton, 2006), 
different grades of alteration, and lithic fragments of lacustrine or igneous (plutonic) origin. 
Of the two sampled tuff ring units, the older and topographically lower unit (D13C1), locally 
characterised by sub-horizontal thin layering, is cut by the upper unit (D13C2), which is 
locally massive- looking at its base but with bedding becoming more prominent in its upper 
CHAPTER 4 BLACK POINT 
 94 
part (Fig. 4.5d). These units are separated by a steep irregular contact (~60°) and can be 
found, with similar features, in other areas around the edifice at similar topographic heights. 
The nature of these angular unconformities suggests erosion (e.g., intra-crater channels), and 
indicate a rather dynamic surface environment during the course of the eruption. 
Site A (Fig. 4.6), also described by Murtagh and White (2013), covers a narrower 
granulometric range than the mound, and overall consists of somewhat indurated extremely 
fine ash to fine lapilli (White and Houghton, 2006) deposit, with plane-laminated beds, 
alternating with climbing ripples and finally, convolute beds at the top of the deposit here. 
The entire sequence is generally moderately sorted, except for one poorly sorted unit 
(D10A1L10; 1.23 s), which is also the only massive unit. This sequence has been interpreted 
by previous authors (e.g. Custer, 1973) as being formed when ash was falling onto the lake 
surface during subaerial eruption, and then as it settled becoming entrained into a sub-
lacustrine underflow travelling southward. Beneath the Black Point ash at this site, there is a 
centimetric bed of lacustrine sediments (white silt), followed below by a thin layer of rhyolitic 
ash (described by several authors, together with older rhyolitic tephras of the Wilson Creek 
Formation; e.g., Marcaida et al., 2014). Deposits above the Black Point ash here are eroded 
or covered, but in nearby locations this section includes a layer of light grey laminated silt, 
followed upsection by a thin layer of rhyolitic ash first and laminated silt with thinolitic tufa. 
Site B (Fig. 4.7) exposes a brown, somewhat indurated ash of variable thickness (~ 5-15 cm), 
with an erosional contact at its top. Two main units are distinguishable here, the lower one 
(Unit 1) fine grained (extremely fine ash to medium ash), moderately sorted (0.72 s) and 
characterised by planar lamination. The upper one (Unit 2) is more massive, coarser 
(extremely fine ash to fine lapilli) and poorly sorted (1.49 s to 1.56 s). The two units are 
separated by an erosional contact with shallow scours cut into the lower unit and then filled 
by the upper one (Fig. 4.7). Along the contact are local centimetric tufa “flowers”, embedded 
in a lacustrine light grey silt. Upsection are lacustrine grey silts, but their contact with the ash 
CHAPTER 4 BLACK POINT 
 95 
sheet is not clearly exposed. Site C (Fig. 4.7) comprises a deposit ~12 cm thick of indurated 
light brown ash, overall poorly sorted (1.32-1.75 s). The lower part of the deposit is mostly 
fine-grained (1.73 F to 1.37 F), dominated by planar structures, shifting upward to a more 
dominant coarse fraction (0.93 F), through a sequence of normal- and reverse-graded beds of 
different thickness. The overall thickness is consistent throughout the surrounding area. 
Under- and overlying this unit are light brown silty sediments; up through this section, it 
becomes chaotic and mostly eroded, and the upper part of the Wilson Creek Formation cannot 
be identified. Representative granulometry data for proximal/medial ash sheets are 
summarised in Table 4.1. Additional grain-size data for the proximal/medial sites, and more 
details about laser diffraction technique, are available in Appendix A. 
 
 
Fig. 4.4. Grain size distributions for representative samples from mound and ash-sheet deposits of Black Point. 
Mean and sorting for ash-sheet deposits overall show moderate to poor sorting and ash-dominant grain sizes 
(methods of Folk and Ward, 1957), compared to the mound deposits, which are framework supported but still 
poorly sorted and consistently coarser. 




Table 4.1. Representative grain size data for proximal/medial lake-deposited ash at Black Point.   
Location Sample Minimum grain size - µm (⏀) 
Maximum grain size - 
µm (⏀) 
Classification (White and 
Houghton, 2006) 
Sorting - s 
(Folk and Ward, 
1957) 
Mean - ⏀ 
Site A D10A1L12 0.72 (10.44) 631 (0.66) extremely fine ash-coarse ash 0.98 3.16 
 D10A1L10 7.59 (7.04) 2187.8 (-1.13) extremely fine ash-fine lapilli 1.23 2.46 
 D10A1L8 19.95 (5.65) 955.0 (0.07) extremely fine ash-coarse ash 0.73 1.71 
 D10A1L6 8.71 (6.84) 1096.5 (-0.13) extremely fine ash-very coarse ash 0.96 2.61 
 D10A1L4 17.38 (5.85) 2187.8 (-1.13) extremely fine ash-fine lapilli 0.93 1.71 
 D10A1L2 6.61 (7.24) 724.4 (0.47) extremely fine ash-coarse ash 0.86 2.74 
Site B D10A3L3 2.19 (8.83) 2187.8 (-1.13) extremely fine ash-fine lapilli 1.56 1.61 
 D10A3L2 3.8 (8.04) 2187.8 (-1.13) extremely fine ash-fine lapilli 1.49 1.47 
 D10A3L1 10.0 (6.64) 478.6 (1.06) extremely fine ash-medium ash 0.72 2.79 
Site C D12A2L3 3.31 (8.24) 2187.8 (-1.13) extremely fine ash-fine lapilli 1.32 0.93 
 D12A2L2 1.26 (9.63) 2187.8 (-1.13) extremely fine ash-fine lapilli 1.75 173 
 D12A2L1 1.91 (9.03) 2187.8 (-1.13) extremely fine ash-fine lapilli 1.53 1.37 




Fig. 4.5. Edifice deposit characteristics. (a) Lower unconsolidated mound deposit. (b) Upper indurated mound 
deposit. (c) Lower grey tuff ring deposit. (d) Angular unconformity between the two different units sampled for 
the upper tuff-ring deposits. 
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Fig. 4.6. Main features of Site A ash sheet. (a) Overview photo of the ash sheet at Site A (~6 m thick in this portion 
of Wilson Creek). (1) Close-up of the bottom contact between the (rippled) Black Point ash and lacustrine 
sediments. (2) Central portion of the Site A ash-sheet deposit; note the alternation of planar and cross stratification. 
(3) Top of the Site A ash-sheet deposit; in evidence here is the only massive unit present in the sequence. Note 
that sample positions are not reported here, however, twelve samples were collected through the entire sequence 
at regular intervals (the massive unit is represented by sample D10A1L10). 
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Fig. 4.7. Proximal/medial ash-sheet deposits with sampled spots highlighted (blue x’s). (a) Site B ash-sheet 
deposit. Note the physical differences (a1) between Unit 1 (laminated and relatively steady thickness) and Unit 2 
(massive and variable in thickness). The latter also shows scour and fill structures at its bottom. (b) Site C ash-
sheet deposit. The ~12 cm ash-sheet here is characterised by planar structures (planar bedding/lamination) normal 




 Previous authors (e.g., Lajoie, 1968; Custer, 1973) inferred that the mound grew 
from submerged eruptions, and the tuff ring deposits from subaerially transported ash that 
settled onto a still-submerged edifice. They considered that the ash sheet at the top of the 
Wilson Creek Formation (including my Site A) was emplaced by particles settling through the 
water column before being entrained into a glacial underflow along the lake floor. The mound 
was similarly inferred to have formed during the subaqueous phase of the eruption by (White, 
2000), but emplaced by eruption fed-density currents; he also considered that the tuff rings 
were emplaced onto an emergent, subaerial edifice by pyroclastic density currents, and noted 
local ring collapses and slumps.  
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 Post-eruption alteration characterises the weakly lithified upper mound, perhaps 
reflecting the lake-level fluctuations after the eruption that resulted in calcium carbonate 
cementation of deposits below the maximum water level. Precipitation of calcium carbonate 
also partially affected the lower tuff ring, but it is moderately to strongly palagonitized. 
Carbonate and tufa crusts on its surface indicate that palagonitization had already begun 
before the crusts formed. The upper tuff ring deposits are extensively palagonitized, with 
most of the sideromelane being transformed into clay minerals, yet some clasts were only 
partially affected, or not affected at all, by palagonitization. Pauly et al. (2011) inferred that 
palagonitization extent is controlled by parameters such as porosity and palagonite water 
content, but that palagonitization extent also varies strongly among samples of similar 
porosity. They specifically report examples from Pahvant Butte and Black Point as having 
palagonitization extents of 40% and 84% respectively. Strong variations at the scale of 
individual localities or units may be explained by other factors, such as available heat and 
palagonitization duration (Pauly et al., 2011).  
Below, I consider the depositional environment in late Pleistocene Lake Russell 
during eruption of Black Point volcano, based on depositional features of the ash sheet in both 
proximal (A) and medial (B, C) sites. 
For Site A, most of the sequence is characterised by climbing ripples. Granulometry 
data for the three ripple-laminated samples (D10A1L4-L6-L8) indicate that the current 
forming the ripples was travelling at a velocity between 0.20 cm/s and 0.55 cm/s. The 
different depositional structures (cross lamination vs. planar lamination) may reflect either the 
different grain sizes (mean 1.71-2.46 F), hence related to the eruption, or variations in the 
intensity/direction of the bottom flow fed by the glacier from north. The top unit sampled here 
(D10A1L12) is the finest of the sequence (mean 3.16 F) and this may either indicate settling 
of the fine grains through the water column from tephra jets coming out of the water and 
falling back into the lake, or final particle settling from eruption-fed density currents. The 
underlying unit (D10A1L10) presents characteristics (poorly sorted and structureless) that 
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implies deposition by a current, rather than particles settling from the water column, with unit 
D10A1L12 representing the final settling of fine material from the current that formed 
D10A1L10. In addition to this, the thickness variation of the ash sheet along Wilson Creek 
may also indicate deposition by current of the whole deposit. However, many physical 
indicators of the initial volcanic transport processes may not be recorded in the deposit due to 
the action of the inferred syn-eruptive bottom flow from the glacier at north. Further 
discussion is postponed to Section 4.3.6, where inferences in conjunction with geochemical 
data are made. 
Site B shows two units with different characteristics, implying the occurrence of 
different transport processes during the eruption, in a relatively narrow window of time. The 
lower ash unit is slightly reduced in thickness above a tufa flower and shows no erosional 
contact with the lower lacustrine material, while the upper ash bed shows a more steady 
thickness and mantles the lower bed. The massive ash unit above the laminated one is coarser 
and poorly sorted, but it becomes notably coarser near the erosional feature highlighted in Fig. 
4.7a. The overall interpretation here is that the tephra was initially being deposited by settling 
through the water column (unit 1), with potentially a lateral transport component also active, 
and the next stage was characterised by pyroclastic density currents (unit 2) that formed either 
by partial collapse of a subaqueous ash plume or forming at the vent, carrying larger clasts 
which contributed to the scour and fill structures found at the bottom of this unit. 
Site C presents different features from the other sites described above. As a whole, this 
deposit is coarser, with maximum grain sizes being >2000 µm (about -1 F) in diameter; 
normal grading is locally evident through the stratigraphy, but differential erosion (due to the 
different grain size, hence resistance, of individual beds) creates an “illusion” of reverse 
grading. Beds for this deposit maintain an even thickness laterally (~12 cm). I infer that the 
deposit may have formed by particle fallout within the water column. Particles larger than 2 
mm cannot be transported effectively by wind-driven currents at shallow levels within the  
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lake (Verolino et al., 2018b), so another transport mechanism is required. If I exclude 
transport and deposition from eruption-fed density currents, subaerial transport by winds with 
subsequent fallout into the lake remains as a plausible mechanism (Lajoje, 1968; Custer, 
1973). If the paleoclimatic inferences about this area are correct, the main winds were 
typically toward the northeast, while winds toward the southeast would be required to form 
the deposits at Site C. If the eruption at Black Point was Surtseyan in style, the resulting 
subaerial plume would be up to a maximum of a few thousand meters high (like observed at 
Surtsey, Iceland, and Capelinhos, Azores; Thorarinsson, 1967; Waters and Fisher, 1971; 
Cole et al., 2001). Winds in the troposphere (0-10 km) are less stable and less steady than at 
higher altitudes (stratosphere), and are mostly governed by local conditions (e.g., presence of 
mountains). This is the case at Black Point, with the Sierra Nevada range to the west affecting 




 Previous geochemical studies of the Mono Basin area highlighted that the volcanic 
centres in the northern portion of the Mono Basin are part of a different magmatic system 
from that producing the main volcanism of the Basin and Range magmatic province. 
Although Black Point represents the only basaltic centre of the Mono Basin, two other 
basaltic deposits have been identified in this area, the June Lake basalt (just outside the 
southwestern edge of the Mono Basin; Kelleher and Cameron, 1990) and basaltic inclusions 
in a dacitic dome in the Mono Craters chain (Kelleher and Cameron, 1990). Therefore, a 
careful geochemical study is needed at Black Point to compositionally characterize the 
sampled products for this Surtseyan volcano. This allows its deposits to be discerned from 
other basaltic deposits in the area, and to confirm a Black Point origin for ash-sheet deposits 
formed in the lake.  
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 Analysed here are major-elements for sideromelane glass, minerals (plagioclase and 
olivine) and melt inclusions within olivine crystals. Sideromelane glass water contents were 
also obtained. The techniques used are the same as for Pahvant Butte: EDS for major-element 
data and FTIR for water content. 
 
4.3.2. Glass composition 
 Twenty-two samples in total have been analysed (sample averaged compositions are 
reported in Table 4.2), six for the mound, four for tuff rings, six for Site A, three for Site B 
and three for Site C. All the samples are basaltic or trachybasaltic in the total alkali-silica 
diagram (Bas et al., 1986). The June Lake basalt, and basaltic inclusions in the dacitic dome 
of Mono Craters, are similar to Black Point in composition, but more evolved. They have 
higher SiO2 (53.6 - 61.7 wt%), and lower MgO (3.0 - 4.5 wt%) (Kelleher and Cameron, 
1990). Given these few, but relevant differences, I consider all the basaltic deposits analysed 
in this study to have produced by the eruption of Black Point. 
Variation diagrams of major-elements against MgO (Fig. 4.8) show changes in the 
magma composition during the eruption for the deposits considered, with some systematic 
variations. Overall, MgO ranges from 5.27 wt% to 7.03 wt% and it is negatively correlated 
with SiO2 and K2O, and positively correlated with FeO, whereas greater scatter characterizes 
Al2O3, CaO and Na2O, without obvious trends. Deposits from the mound, tuff ring deposits 
and Site A occupy a wider range of MgO (mound: 5.36-6.80 wt%; tuff rings: 5.40-7.03 wt%; 
Site A: 5.27-6.79 wt%), from more-primitive to more-evolved compositions, whereas samples 
from Site B and Site C have more-intermediate compositions (Site B: 5.65-6.46 wt%; Site C: 
5.93-6.77 wt%). Interestingly, geochemistry for mound and tuff ring deposits strongly overlap 
for all the oxides considered. 
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Fig. 4.8. Sideromelane glass major-element variation diagrams for deposits analysed for this study. The black 
arrow indicates the trend upsection in deposits. Al2O3, CaO and Na2O do not show obvious trends (see text for 
details). 
 
Plotting major-element data against stratigraphy for individual sites (Fig. 4.9) reveals 
a more complex evolution pattern for Black Point edifice vs. ash-sheet deposits. Among the 
major-elements analysed, systematic but non-linear upsection variations are observed for the 
mound and Site A, and tuff ring deposits (lower and upper). MgO indicates that the mound 
slightly becomes more primitive first (within the lower/middle mound) and then markedly 
more evolved (upper mound), from ~6.5 wt% to ~5.6 wt%. The same behaviour is recorded 
for SiO2 (from ~50.5 wt% to ~52 wt%) and CaO (from ~8.1 wt% to ~7.9 wt%). Same 
upsection evolutionary trend is observed for Site A, although in slightly different ranges. Note 
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that for the mound there is a geochemical gap between lower/medium levels, versus the upper 
levels, of the mound. This is probably because no sample was collected between the two 
portions of the mound. There is no equivalent gap for Site A samples, which seems to provide 
a better geochemical record through the eruption. The four samples from the tuff rings, 
considered contiguous with the mound, occupy the same range as for lower/medium and 
upper mound (MgO: 5.66-6.47 wt%; SiO2: 50.78-51.73 wt%; CaO: 7.94-8.05 wt%), with the 
lower tuff ring deposits having intermediate compositions. Sites B and C have a narrower 
range of MgO, SiO2 and CaO, with no obvious upsection trend. 
 
 
Fig. 4.9. Glass major-elements vs stratigraphy for all the deposits analysed in this study, with associated standard 
deviation (1s). Stratigraphy of mound is highlighted (black circles). Note the geochemical consistency between 
mound and Site A samples. 
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Table 4.2. Normalised sideromelane glass compositions for mound, tuff ring deposits, Sites A, B and C. The total variation is in the range 96.07-100.20 wt% (Appendix C), with no 
systematic changes among the different deposits (continues next pages). 
MOUND 













SiO2 50.58 0.20 50.49 0.15 50.39 0.16 50.52 0.20 52.04 0.21 52.15 0.23 
TiO2 1.66 0.10 1.71 0.10 1.70 0.10 1.68 0.08 1.73 0.09 1.76 0.06 
Al2O3 18.35 0.30 18.38 0.12 18.30 0.16 18.09 0.12 18.67 0.17 18.52 0.17 
FeO 9.16 0.19 9.12 0.11 9.31 0.18 9.40 0.13 9.05 0.21 9.04 0.15 
MnO 0.15 0.08 0.16 0.07 0.11 0.08 0.17 0.07 0.13 0.09 0.13 0.06 
MgO 6.39 0.28 6.45 0.06 6.43 0.10 6.58 0.16 5.63 0.13 5.60 0.11 
CaO 8.10 0.16 8.09 0.09 8.13 0.08 7.98 0.15 7.94 0.15 7.85 0.07 
Na2O 4.15 0.07 4.16 0.06 4.16 0.04 4.15 0.07 3.28 0.09 3.37 0.11 
K2O 1.09 0.08 1.07 0.04 1.09 0.03 1.10 0.04 1.17 0.04 1.18 0.05 
Cr2O3 0.01 0.03 0.01 0.03 0.01 0.03 0.00 0.00 0.01 0.03 0.01 0.04 
P2O5 0.30 0.07 0.32 0.06 0.32 0.05 0.31 0.05 0.31 0.06 0.31 0.05 
SO3 0.06 0.08 0.03 0.05 0.05 0.06 0.02 0.05 0.04 0.05 0.07 0.07 
Total 100.00  100.00  100.00  100.00  100.00  101.00  
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Table 4.2. Continued. 
TUFF RING 









SiO2 51.35 0.15 51.52 0.14 50.78 0.24 51.73 0.17 
TiO2 1.62 0.06 1.65 0.07 1.73 0.12 1.74 0.08 
Al2O3 18.76 0.10 18.77 0.19 18.15 0.16 18.36 0.10 
FeO 8.78 0.12 8.84 0.16 9.41 0.17 9.13 0.12 
MnO 0.13 0.09 0.13 0.10 0.14 0.08 0.15 0.08 
MgO 5.89 0.08 5.82 0.18 6.47 0.35 5.66 0.10 
CaO 7.99 0.07 8.03 0.17 8.05 0.09 7.94 0.08 
Na2O 3.96 0.05 3.77 0.32 3.77 0.12 3.69 0.07 
K2O 1.17 0.03 1.13 0.09 1.10 0.05 1.20 0.03 
Cr2O3 0.00 0.02 0.01 0.03 0.02 0.04 0.00 0.02 
P2O5 0.31 0.04 0.31 0.05 0.32 0.07 0.29 0.06 
SO3 0.03 0.05 0.04 0.06 0.06 0.06 0.05 0.05 
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Table 4.2. Continued 
SITE A 













SiO2 51.19 0.41 51.01 0.27 50.97 0.22 50.72 0.17 51.25 0.19 52.14 0.23 
TiO2 1.73 0.10 1.57 0.08 1.59 0.08 1.58 0.07 1.72 0.07 1.79 0.10 
Al2O3 18.52 0.28 19.20 0.14 19.00 0.34 19.09 0.14 18.61 0.11 18.42 0.23 
FeO 9.21 0.30 8.68 0.17 8.83 0.25 8.72 0.19 9.25 0.15 9.16 0.19 
MnO 0.13 0.09 0.10 0.09 0.12 0.09 0.13 0.07 0.13 0.08 0.12 0.05 
MgO 6.16 0.24 6.29 0.08 6.45 0.18 6.37 0.08 6.15 0.08 5.55 0.19 
CaO 8.00 0.18 8.32 0.09 8.26 0.13 8.29 0.10 8.07 0.12 7.88 0.15 
Na2O 3.60 0.21 3.52 0.23 3.46 0.18 3.76 0.05 3.40 0.06 3.33 0.05 
K2O 1.11 0.05 0.99 0.05 1.01 0.03 1.01 0.05 1.07 0.03 1.20 0.07 
Cr2O3 0.01 0.03 0.00 0.00 0.01 0.02 0.02 0.05 0.01 0.03 0.00 0.00 
P2O5 0.31 0.06 0.30 0.06 0.28 0.05 0.28 0.07 0.30 0.05 0.35 0.05 
SO3 0.03 0.05 0.04 0.06 0.03 0.06 0.02 0.05 0.02 0.04 0.05 0.06 
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SiO2 50.98 0.28 51.11 0.29 51.16 0.21 
TiO2 1.64 0.08 1.64 0.10 1.67 0.07 
Al2O3 18.85 0.18 18.72 0.23 18.75 0.30 
FeO 8.79 0.18 8.91 0.21 8.89 0.22 
MnO 0.14 0.08 0.12 0.09 0.14 0.06 
MgO 6.24 0.12 6.15 0.25 6.17 0.13 
CaO 8.18 0.13 8.12 0.11 8.06 0.11 
Na2O 3.76 0.23 3.78 0.25 3.68 0.16 
K2O 1.07 0.04 1.08 0.05 1.10 0.04 
Cr2O3 0.00 0.02 0.01 0.04 0.02 0.06 
P2O5 0.29 0.06 0.30 0.05 0.29 0.06 
SO3 0.05 0.05 0.05 0.06 0.05 0.06 
Total 100.00  100.00  100.00  
SITE C 










SiO2 51.06 0.27 50.55 0.22 51.21 0.51 
TiO2 1.74 0.06 1.67 0.08 1.65 0.09 
Al2O3 18.16 0.23 18.53 0.28 18.55 0.31 
FeO 9.46 0.21 9.10 0.21 9.09 0.31 
MnO 0.12 0.07 0.15 0.09 0.15 0.07 
MgO 6.23 0.14 6.35 0.09 6.30 0.29 
CaO 8.02 0.10 8.23 0.11 8.14 0.14 
Na2O 3.74 0.12 4.00 0.07 3.55 0.29 
K2O 1.08 0.06 1.06 0.05 1.00 0.04 
Cr2O3 0.02 0.04 0.01 0.02 0.02 0.04 
P2O5 0.33 0.05 0.29 0.05 0.30 0.06 
SO3 0.03 0.06 0.05 0.06 0.04 0.06 
Total 100.00  100.00  100.00  
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4.3.3. Mineral composition 
Given the full stratigraphic and geochemical record available, and the consistent 
geochemical behaviour associated with the mound, 12 samples from Site A were selected for 
mineral analysis (Table 4.3). 
Plagioclase is the most abundant phase at Black Point (Murtagh, 2011), phenocrysts 
(>100 µm), micro-phenocrysts (30-100 µm) and microlites (<30 µm) were analysed (sizes 
proposed by Polacci et al. (2009). All the plagioclases analysed are labradorite in 
composition (An63-69) and the highest scatter is recorded for sample D10A1L2 (± 0.95%). 
Plotting the results against stratigraphy (Fig. 4.10) shows, although the plagioclase 
compositions are rather homogeneous, a general increase in An (%) from bottom to top of the 
sequence, except in the middle part of the sequence (between sample D10A1L5 and 
D10A1L8), which shows a reverse trend towards lower values of anorthite. A similar sudden 
change in the geochemistry at a similar stratigraphic level was noted for the glass, both for 
mound and Site A samples (Figures 4.8 and 4.9). Compositions measured across crystals are 
uniform, and no significant compositional differences were observed between phenocrysts, 
micro-phenocrysts and microlites. 
Olivine is the second-most abundant mineral phase at Black Point (Murtagh, 2011). 
There is a lower concentration of olivine crystals compared to plagioclase, so fewer analyses 
were performed on olivine and, following the Pahvant Butte strategy, element maps were 
created to better visualize variation within crystals. Olivine compositions range from Fo79 to 
Fo82 (scatter up to ± 0.79%, sample D10A1L2), and the relative forsterite content has been 
plotted against stratigraphy (Fig. 4.10). In this case, the compositional variations among the 
different stratigraphic units analysed is even smaller than for plagioclase, and no clear 
upsection trend is visible. All olivine crystals analysed are uniform in composition from rim 
to core. 
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Fig. 4.10. Plagioclase (top) and olivine (bottom) compositions versus Site A stratigraphy. Anorthite increases 
upsection, with a diversion in the intermediate stratigraphic units (D10A1L5-D10A1L8). Forsterite shows no 
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Table 4.3. Plagioclase and olivine components for mound samples. 






D10A1L12 69.04 1.57 81.25 0.81 
D10A1L11 67.94 1.84 81.17 0.69 
D10A1L10 68.16 1.45 80.69 0.48 
D10A1L9 67.82 1.52 81.40 1.16 
D10A1L8 63.54 1.27 80.74 0.78 
D10A1L7 63.97 1.95 80.93 1.38 
D10A1L6 67.30 0.70 81.38 0.81 
D10A1L5 67.30 1.18 82.06 0.86 
D10A1L4 64.09 1.72 80.61 1.61 
D10A1L3 62.95 1.04 80.96 1.19 
D10A1L2 63.99 1.90 81.78 1.58 
D10A1L1 63.25 2.11 80.31 0.80 
 
4.3.4. Water content 
Twelve samples in total (one grain per sample and 4 to 7 measurements per grain, 
Table 4.4) were selected for FTIR analysis, four from the mound (lower/medium mound), five 
from Site A and three from Site C. The results (Table 4.4) are expressed as total water 
(H2Otot), because water speciation was not determined, nor CO2. 
 Mound samples have H2Otot ranging from 0.19 % (D11A1L2) to 0.50 % (D11A1L1), 
and as the results show, the scatter for each sample, among the different spots analysed, is up 
to ± 0.05%, with no systematic variation through stratigraphy (Fig. 4.11). However, the plot 
shows that most of the samples analysed fall in a more restricted range of H2Otot (~ 0.4 - 
0.5%), while one sample (D11A1L2) has a lower value (~0.2%). Similarly, Site A samples 
span a range of total water between 0.22% (D10A1L4) and 0.46% (D10A1L6). Furthermore, 
as for the mound, this sequence is characterised by a water content mostly around 0.4 - 0.5%, 
with one outlier having lower H2Otot lower in the stratigraphy (Fig. 4.11). The scatter at the 
scale of each individual unit is up to ± 0.06%. Site C deposits are a little more homogeneous 
in water contents, varying between 0.33 and 0.40% (Fig. 4.11). Even here, the scatter is rather 
large, up to ± 0.06%. 
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 The large scatter for all the deposits can be accounted for by heterogeneity of the 
samples (e.g., crystals, vesicles, cracks) and/or instrumental/analytical error. 
 
 
Fig. 4.11. Total water content (H2Otot) versus relative stratigraphy. Results for Mound and Sites A and C are in the 
same range of total water content, however, mound and Site A show a consistent behaviour with a sample in the 
lower stratigraphy at low water content (~0.2 %), not shown for Site C. The black arrows indicate the sample 
stratigraphic order reported in the key. 
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Table 4.4. Sideromelane glass water content for mound and Site A. Each sample comprises one grain. 
 Sample H2Otot SD spots analysed 
Mound 
D11A1L4 0.391 0.099 4 
D11A1L3 0.434 0.099 6 
D11A1L2 0.191 0.021 4 
D11A1L1 0.502 0.111 4 
Site A 
D10A1L10 0.400 0.123 7 
D10A1L8 0.427 0.060 7 
D10A1L6 0.462 0.053 5 
D10A1L4 0.216 0.067 6 
BPa1966 0.499 0.055 5 
Site C 
D12A2L3 0.333 0.052 6 
D12A2L2 0.334 0.121 6 
D12A2L1 0.399 0.069 5 
SD= standard deviation 
 
4.3.5. Melt inclusions 
 For this study, eight melt inclusions (Table 4.5 and Fig. 4.12) hosted in olivine 
crystals were found and analysed from the mound and Site A deposits. No melt inclusions 
analysed for Black Point, unlike those at Pahvant Butte, were affected by post-entrapment 
crystallization (Roeder and Emslie, 1970 method was applied). The results for Black Point 
show a distinction between melt inclusions found in mound samples versus those found in 
Site A samples, and the geochemical differences between the two deposits seem not to be 
systematic through the stratigraphy. Mound-pyroclast inclusions occupy a relatively narrow 
field on the MgO vs. major-element plots (MgO= 6.26-7.85 %), whereas composition for 
inclusions in Site A samples have wider compositional ranges and are more primitive (MgO= 
7.71-13.09 %).  
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Fig. 4.12. Melt inclusion major-element variation diagrams for Mound (solid coloured circles) and Site A (open 
coloured diamonds) deposits. The spectrum of glass compositions is also reported for comparison.  
 
Table 4.5. Melt inclusion compositions for mound and Site A.  
MOUND 
 D11A1LL1-incl1 D11A1LL1-incl2 D11A1L3-incl1 
 AVERAGE (wt%) SD AVERAGE (wt%) SD AVERAGE (wt%) SD 
SiO2 49.19 0.41 49.74 0.90 49.19 0.34 
TiO2 1.74 0.05 1.55 0.15 1.47 0.12 
Al2O3 17.62 0.40 17.87 0.79 17.87 0.37 
FeO 8.15 0.22 8.79 0.54 8.01 0.11 
MnO 0.13 0.09 0.22 0.08 0.14 0.05 
MgO 6.26 1.12 6.69 1.75 7.85 0.69 
CaO 7.87 0.30 7.42 0.64 7.41 0.16 
Na2O 3.51 0.16 3.75 0.15 3.67 0.22 
K2O 1.06 0.08 1.14 0.03 1.18 0.04 
P2O5 0.33 0.05 0.29 0.07 0.34 0.03 
SO3 0.10 0.06 0.03 0.04 0.06 0.05 
Cr2O3 0.02 0.05 0.00 0.00 0.00 0.00 
Total 95.99  97.48  97.20  
SD= standard deviation, incl= inclusion. 





  D10A1L2-incl1 D10A1L4-incl1 D10A1L6-incl1 D10A1L10-incl1 D10A1L10-incl2 
  AVERAGE (wt%) SD AVERAGE (wt%) SD AVERAGE (wt%) SD AVERAGE (wt%) SD AVERAGE (wt%) SD 
SiO2 48.98 0.03 48.35 0.08 48.63 0.04 47.90 0.49 47.04 1.39 
TiO2 1.64 0.01 1.44 0.06 1.43 0.14 1.46 0.06 1.69 0.21 
Al2O3 16.34 0.21 16.42 0.02 17.64 0.22 15.37 0.09 14.18 0.95 
FeO 8.67 0.18 9.64 0.20 8.85 0.05 9.49 0.66 9.11 0.76 
MnO 0.17 0.06 0.16 0.23 0.13 0.01 0.23 0.16 0.16 0.01 
MgO 9.82 0.44 10.28 0.39 7.71 0.42 10.35 0.40 13.09 2.81 
CaO 6.61 0.08 6.48 0.15 7.15 0.14 6.63 0.28 6.36 0.93 
Na2O 3.27 0.32 3.28 0.01 3.39 0.03 3.00 0.01 3.22 0.41 
K2O 1.18 0.04 0.95 0.03 0.93 0.01 0.95 0.05 1.02 0.11 
P2O5 0.28 0.07 0.31 0.01 0.33 0.08 0.34 0.03 0.33 0.00 
SO3 0.09 0.12 0.20 0.06 0.32 0.05 0.00 0.00 0.11 0.04 
Cr2O3 0.00 0.00 0.04 0.06 0.00 0.00 0.00 0.00 0.00 0.00 
Total 97.03   97.52   96.48   95.69   96.29   
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4.3.6. Discussion 
 Geochemistry has been used to constrain the pre-eruptive and syn-eruptive states of 
magma erupted to form Black Point Volcano. Major-element data readily distinguishes its 
deposits from those of other, nearby, basaltic eruptions (Kelleher and Cameron, 1990). 
 Variation diagrams for glass shown in Figures 4.8 and 4.9, along with the amount of 
water recorded in the glass, reveal similar compositional changes upsection through mound 
and Site-A deposits. The Site-A sequence has been inferred by previous authors (Custer, 
1973; White, 2000; Cantelli et al., 2008) to have been formed underwater, at the same time 
the mound was being constructed, by currents directed towards the lake centre during the 
eruption. My geochemical results and outcrop observations (see also Section 4.2.2) support 
those inferences; if the ash sheet at Wilson Creek (Site A) had been reworked, or remobilised 
after the eruption, one would not observe such repeatable upsection trends, quite comparable 
with those observed for the mound in both major-elements and glass water content. A piece of 
the puzzle missing before this careful geochemical analysis was whether Site A was formed 
by tephra jets falling back into the lake after being erupted subaerially or whether it was 
formed by eruption-fed density currents. The overlap of Site A geochemistry with mound 
geochemistry (major-elements + water content) indicates that the early stage of the eruption is 
also represented in Site A, and was emplaced when the edifice was still tens of meters below 
the water surface. At this very early stage of the eruption, transport of particles through many 
tens of metres of lake water to be erupted and distributed subaerially is very unlikely 
(Verolino et al., 2018b). The main processes feeding Site A far more probably involved 
transport and deposition by eruption-fed density currents that had been redirected as they 
entered the glacial underflow. Emergent tephra jets, or an eruptive column, from a still-
submerged vent might have been possible at later stages of the eruption, when the mound had 
grown closer to the water surface.  
Site B and Site C ash sheet deposits are different. Although they entirely overlap the 
Black Point edifice geochemical range, there are no systematic changes through either site's 
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stratigraphy in major-element glass compositions. The range occupied by both sites is the 
same as the range occupied not only by mound and Site A, but also by tuff ring deposits. Why 
does the chemistry of the tuff ring deposits nearly overlap with those of the mound and upper 
levels of Sites A, B and C? Part of the answer can be provided by the major-element vs. 
stratigraphy plots, where multiple changes in magma composition are observed. Initially, the 
trend is directed towards slightly less-evolved compositions (lower/medium mound and Site 
A), then, it is shifted toward the most evolved compositions observed at Black Point (upper 
mound and upper unit at Site A), once the eruption had become subaerial. There is a shift 
back to a more primitive magma first (through the lower tuff ring) and finally more evolved, 
toward the end of the eruption, in the upper portions of the tuff ring. Similar behaviour for an 
alkali basalt monogenetic volcano (Udo volcano, South Korea) was described by Brenna et 
al. (2010). Brenna et al. noted multiple geochemical shifts through the course of a single 
eruption, inferring the presence of several batches of magma of different composition, from 
the source (> 90 km) to upper mantle depths (> 35 km), with batches interacting with each 
other to provide the final compositions. Mass-balance calculation modelling indicates that 
crystallization of olivine and plagioclase at crustal depths is not enough to account for the 
compositions observed at Black Point. However, modelling additional fractionation of 
clinopyroxene, along with Ti-magnetite (mass-balance calculations results reported in Table 
4.6), suggests that these two minerals played an important role at mantle pressures (1.5-2 
GPa), with crystallization of plagioclase and olivine at crustal depths. Smith et al. (2008) 
reported a similar chemical evolution history for Crater Hill, Auckland, New Zealand.  
In terms of the sideromelane's water content, Black Point samples show the same range as for 
other similar subaqueously erupted basaltic magmas (Pahvant Butte, this work; Surtsey, 
Schipper et al., 2016). Kelleher and Cameron (1990) report a LOI value of 0.19% for Black 
Point, and our values are in the range 0.19-0.50%. By adopting the same techniques as for 
Pahvant Butte, I can use the H2O/K2O ratios proposed by Nichols et al. (2002) to infer the 
degree of degassing for Black Point magma. The resulting ratios are all <0.5 (Table 4.7), 
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indicating significant degassing. An even larger degassing event is recorded both for the 
mound (D11A1L2) and Site A (D10A1L4) at low stratigraphic levels. The consistency 
observed for the mound deposits and those at Site A, in terms of major-element geochemical 
variations and water content variations, confirms that they are closely spaced in time. Less 
clear is why they show intense early degassing features.  
If processes like gas bubble coalescence/ripening were significant during magma 
ascent, then they might have created pathways through which magmatic gases could escape 
from the magma more easily, as proposed by Polacci et al. (2012). Those authors argue that 
this may take place in different parts of the conduit (further vesicularity discussion is in 
Section 4.4.3). An event like this that triggered early outgassing through intense coalescence 
would be partial edifice collapses during the initial mound build up. At this stage the edifice 
would have comprised quickly deposited, loosely packed and weak volcaniclastic deposits, as 
in the scenario reported by Nichols et al. (2014).  
The story is slightly different for Site C; first, there is no evidence of early degassing 
through the sampled stratigraphy, second, the overall dissolved water content in glass of the 
pyroclasts is slightly lower than in samples (excluding the outliers showing early degassing) 
analysed for the mound and Site A. The inference here is that this tephra was erupted at lower 
hydrostatic pressures than were the particles accumulating to form the lower/medium mound 
and Site A deposit. If this hypothesis is correct, the edifice top was closer to the water level 
when the deposit at Site C was formed (close enough to form an ash cloud?), which would 
also support the inferences about eruption based on this deposit's physical features (see 
Section 4.2.3). It is recognised that more work is needed to support these hypotheses (see 
Section 6.2).  
Melt inclusions at Black Point were trapped in olivine crystals at different 
evolutionary stages of the magma (and/or different depths). Assuming that the magma was 
still growing phenocrysts while rising through a simple dike from depth, and that these 
inclusions represent the bulk melt at the time of entrapment, one would expect a relationship 
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between the variations observed among the melt inclusions and the associated stratigraphy. 
No systematic variation is observed. In addition, one would infer that inclusions from Site A 
represent deeper portions of the dike, while inclusions from the mound would represent 
shallower portions, but how can one explain the stratigraphically comparable geochemical 
behaviour (glass variations and water content variations) observed for mound and Site A if 
they represent different depths of a single dike? A possible option could be the presence of 
multiple dikes and/or magma mixing events. Alternatively, following Pahvant Butte’s 
scenario, differential magma evolution in a single dike due to more intense crystallization in 
particular portions within the dike itself (dike margins or dike’s head, Brenna et al., 2010) 
might explain my observations. Given the limited number of melt inclusions found in both 
deposits, I cannot yet strongly support either hypothesis; more work is needed (see Section 
6.2). 
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Table 4.6. Input data and results of the mass balance modelling (Petrelli et al., 2005).  
Bcomp= bulk composition of material removed; Odiff= observed difference between initial and final magma; Cdiff= calculated difference between initial and final magma; Res= 






















Bcomp Odiff Cdiff Res 
SiO2 50.34 52.40 38.73 50.40 48.15 0.08 42.252 2.107 1.856 0.25 
TiO2 1.65 1.78 0.06 0.14 2.42 17.03 1.626 0.131 0.028 0.103 
Al2O3 18.25 18.58 0.38 30.74 6.31 6.39 17.829 0.34 0.139 0.201 
FeOtot 9.44 9.07 17.49 0.82 7.03 65.61 12.177 -0.363 -0.565 0.201 
MnO 7.95 7.92 0.31 13.97 21.92 0.00 0.113 -0.1 0.002 -0.102 
MgO 7.03 5.27 42.74 0.25 13.38 6.70 15.496 -1.762 -1.862 0.1 
CaO 0.22 0.12 0.17 0.02 0.11 0.51 8.437 -0.022 -0.092 0.07 
Na2O 1.06 1.17 0.01 0.10 0.01 0.00 2.01 -0.448 0.243 -0.691 
K2O 3.79 3.34 0.09 3.56 0.52 0.00 0.059 0.104 0.202 -0.097 
P2O5 0.25 0.27 0.00 0.00 0 0 0 0.013 0.048 -0.035 
Total 100.0 100.0 100.0 100.0 100.0 100.0    0 
SSR          0.67 




  33.7 55.23 2.8 8.27     
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Table 4.7. Ratios between H2O and K2O (averaged values) for mound, Site A and Site C samples. 
 Sample K2O (wt%) H2O (%) H2O/K2O 
Mound 
D11A1L4 1.08 0.403 0.37 
D11A1L3 1.08 0.434 0.40 
D11A1L2 1.05 0.191 0.18 
D11A1L1 1.07 0.502 0.47 
Site A 
D10A1L10 1.08 0.4 0.37 
D10A1L8 0.97 0.427 0.44 
D10A1L6 0.99 0.462 0.47 
D10A1L4 1.03 0.216 0.21 
Site C 
D12A2L3 0.98 0.333 0.34 
D12A2L2 1.04 0.334 0.32 
D12A2L1 1.06 0.399 0.38 
 
4.4. Pyroclast vesicularity 
4.4.1 Introduction 
 Following the work carried out on Pahvant Butte, and considering the potential role 
that volatiles play, and how they behave in magmatic systems, I conducted similar work on 
Black Point samples to characterize vesicles in three dimensions. The technique used is the 
same, X-ray computed micro-tomography, and results obtained allow analysis of parameters 
such as vesicularity and vesicle number density, followed by the interpretations of vesicle-
volume distribution (VVD) and cumulative vesicle-volume distribution (CVVD) plots. 
The 3D vesicles characterized in Black Point samples have important similarities with, 
and some differences from, those of samples from Pahvant Butte. 
 
4.4.2. 3D vesicle characterization  
 Fourteen samples were chosen for Black Point, from two different suites (Murtagh’s 
work and this work), to represent the eruptive stratigraphy from two different locations, 
mound and Site A, with eight and six samples respectively (for the exact location for 
Murtagh’s and this study samples see Murtagh, 2011 and Fig. 4.3 respectively). In each 
sample two to four grains were analysed, but only the representative ones (one grain per 
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sample) have been selected for this study (summary of all analyses reported in Table 4.8 for 
the selected grains and in Appendix D for all grains). Maximum grain diameters were 
measured for both suites and are in the range fine lapilli – medium lapilli (White and 
Houghton, 2006). Subsamples taken from Murtagh’s field samples are in the range 3.0 – 7.7 
mm, and samples collected here are in the range 2.4 - 4.3 mm. The reasons for this choice are 
the same as for Pahvant Butte (see Section 3.5.1).  
 Volumes of interest (VOI’s) considered for this study range from 0.74 mm3 to 27.6 
mm3. Particularly, the VOI range for mound (from Murtagh’s field samples) is 5.96 - 27.6 
mm3 (average 16.04 mm3) and for Site A is 1.6-5.85 mm3 (average 3.88 mm3). The VOI 
range for samples from this work is 1.52 - 3.33 mm3 for mound (average 2.41 mm3) and 0.74 
- 2.06 mm3 for Site A (average 1.59 mm3). Therefore, reflecting the maximum grain 
diameters, VOI’s for samples from this study are generally smaller than those from Murtagh’s 
samples. 
Analysis using CT-Analyser for 3D vesicle characterisation, also applied for Pahvant 
Butte in Section 3.5.2, is given below for Black Point. 
 Total vesicularity (Ftot) for the samples selected for Black Point ranges from 
extremely low (BPa1997.1_1, Ftot= 12%) to low (D10A1L6_3, Ftot= 36%). Clasts 
subsampled from Murtagh’s field samples of the mound have a total vesicularity range 
between 25% and 31% (average 28%), and for her sample from my Site A, 12-28% (average 
21%). Samples collected here from the mound have vesicularities of 21% to 27% (average 
24%), and from Site A of 29% to 36% (average 32%). Closed vesicularity (Fclosed) is smaller 
and more variable, overall ranging from 0.2% (D10A1L6_3) to 7.9% (BPe2011.6_2). 
 Vesicle number density (Nv), defined by Polacci et al. (2009) as the total number of 
vesicles normalised to the bulk volume of a sample (VOI in this case), has been increasingly 
used in 2D and 3D vesicle characterization studies, and can provide important information 
about the intensity of an eruption (discussed below in Section 4.4.3). Tomographically 
determined vesicle number densities (Nv) at Black Point (not comparable to Nv values 
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obtained by 2D+stereology) have a narrow range of relatively small values. The smallest is 
represented by sample BPe2001.6_1 (Nv= 161.6 vesicles mm-3) and the largest by sample 
D11A1L1_2 (Nv= 622.5 vesicles mm-3) (Fig. 4.13 and Table 4.8). For all these parameters, no 
systematic variation is observed through stratigraphy. 
 VVD/CVVD plots have been made both for mound (Fig. 4.14) and Site A (Fig. 4.15) 
and compared between particles from Murtagh’s field samples and samples from this study. 
The first observation is that there are differences between the two suites, even though they 
represent similar stratigraphic levels. Samples from the mound (Murtagh’s) have a range of 
vesicle volumes between ~102 and ~106 µm3, shifting to only one population of larger 
vesicles (~109 µm3). One exception is sample BPe2011.6_2, which shows a more widespread 
distribution, between ~102 and ~109 µm3, including the populations with intermediate 
volumes. The minimum Nv for the different vesicle volume populations varies between ~0.04 
vesicle/mm3 (BPe2011.6_2) and ~0.2 vesicle/mm3 (BPe1986.2_2), and maximum Nv between 
22 vesicle/mm3 (BPe2001.6_1) and 65 vesicle/mm3 (BPe1986.2_2). The CVVD’s can all be 
fit by a power law, with negative exponent of ~1 ± 0.3 (further discussion in Section 4.4.3). 
Mound samples acquired for this study have similar ranges of vesicle volumes as for mound 
samples acquired by Murtagh, however, they show a minimum Nv with slightly higher values 
(0.3-0.7 vesicle/mm3). The maximum Nv varies between 54 vesicle/mm3 (D11A1L2_1) and 
90 vesicle/mm3 (D11A1L1_2), so generally higher than mound samples acquired by Murtagh. 
CVVD’s are consistent with those observed for Murtagh’s suite, with power law distributions 
and negative exponent ~1 ± 0.2. Murtagh’s samples for Site A have vesicle volumes ranging 
from ~102 and ~109 µm3, similar to those of mound samples. There is also the same gap
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Table 4.8. Three-dimensional vesicle data summary.  











3) Power law exponent 
Mound 
BPe1971.6_2 middle 7660 19.28 0.61 0.0006 30.86 219.71 -1.26 
BPe1986.6_2 middle 4070 5.96 0.79 0.0006 28.10 431.91 -1.19 
BPe2001.6_1 middle 5900 11.32 1.03 0.0002 26.33 161.59 -1.20 
BPe2011.6_2 middle/upper 7710 27.60 7.91 0.0002 25.43 373.38 -0.93 
Site A 
BPa1996_1 lower  3130 4.20 0.51 0.0008 28.16 325.93 -1.36 
BPa1996.2_2 lower  2980 1.60 1.42 0.0005 22.21 537.98 -0.93 
BPa1997.1_1 middle 4380 5.85 4.01 0.0003 11.88 485.42 -0.88 
Mound 
D11A1L1_2 lower  2740 2.72 0.97 0.0009 23.91 622.47 -1.19 
D11A1L2_1 lower mound 2620 1.52 0.87 0.0005 27.00 438.61 -1.00 
D11A1L3_1 lower mound 3040 2.07 1.79 0.0005 22.65 528.42 -0.94 
D11A1L4_1 mid 4330 3.33 1.34 0.0018 20.53 474.33 -0.99 
Site A 
D10A1L3_1 lower  2360 0.74 0.41 0.0012 28.65 362.50 -1.00 
D10A1L4_2 lower  3130 2.06 0.37 0.0004 32.51 312.27 -1.17 
D10A1L6_3 middle 3820 1.99 0.17 0.0007 36.22 267.50 -1.26 
Dmax= original maximum grain diameter; VOI= volume of interest; Fclosed= closed vesicularity; Err Fclosed= error closed vesicularity; Ftot= total vesicularity Nv= vesicle number 
density 
 






 µm3) in vesicle volume populations (+/- large) observed 
for the mound. Minimum Nv varies between 0.2 vesicle/mm
3
 (BPa1997.1_1) and 0.6 
vesicle/mm
3
 (BPa1996.2_2); maximum Nv, instead, between 48 and 73 vesicles/mm
3
. Sample 
BPa1997.1_1 is characterised by a more homogeneous distribution, with no obvious gap 
among vesicle populations of larger volume. Gap instead more evident for samples 
BPa1996.2_2 and BPa1996_1. CVVD’s can still be described by power laws, with a negative 
exponent a little more variable than other samples, ~1 ± 0.4 (min: -0.88; max: -1.36). Finally, 
VVD’s for Site A samples from this study, show again vesicle volumes between ~102 and 
~107 µm3 with only one population of vesicles representing the ~109 µm3 fraction. Overall, 
minimum Nv is higher (~ 0.5-1 vesicle/mm3) and maximum Nv is slightly lower than 
Murtagh’s samples (34-52 vesicle/mm
3
). CVVD curves, again, are characterised by power 
laws, with negative exponent ~1 ± 0.3. 
 
4.4.3. Discussion 
As highlighted in section 1.4.2, vesicle studies can provide insight into intra-conduit 
processes, particularly in the shallow upper part of the conduit. Vesicle populations indicate 
the state of magma as it solidified following fragmentation, which is that of the magma prior 
to fragmentation plus any post-fragmentation evolution. For smaller particles, post-
fragmentation changes are limited, because cooling time to solidification is short. The grains 
chosen here are of small sizes, and inferred to closely represent the pre-fragmentation magma. 
The general low vesicularity and low vesicle number density, for all the grains analysed and 
selected for this study, are in accordance with the inferences made for Pahvant Butte.  




Fig. 4.13. Vesicle number density (Nv) bar charts. Charts on the left-hand side represent Nv results from Murtagh’s sample suite. Charts on the right-hand side are samples from this 
study. Both suites include mound and Site A samples for comparison. 
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Fig. 4.14. Mound vesicle volume distributions (VVD, black bars) and cumulative vesicle volume distributions 
(CVVD, open blue squares) of subsamples from Murtagh’s field samples (A) and my own samples (B). 
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Fig. 4.15. Site A vesicle volume distributions (VVD, black bars) and cumulative vesicle volume distributions 
(CVVD, open blue squares) of subsamples from Murtagh’s field samples (A) and my own samples (B). 
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Presentation of results here follows Bai et al. (2008) for tomographic 3D data. Results 
indicate that Black Point pyroclasts provide evidence for multiple episodes of bubble 
nucleation and growth, with coalescence at times dominant, but not enough to form a foam or 
drive wholly magmatic fragmentation (Spark, 1978). Some samples (e.g., BPa1997.1_1) 
show low vesicularity with relatively medium-high vesicle number densities consistent with 
early stages of degassing, in which bubble expansion was the main process.  
Vesicles at Pahvant Butte reach volumes of ~109 µm3, and as hypothesized for 
Pahvant Butte, intense coalescence was needed to reach such sizes (or enough time for gas 
bubble expansion). Such a high coalescence rate is plausible given the relatively low viscosity 
of the magma and low microlite content of sideromelane. 
Closed vesicularity for Black Point samples is similar to that of Pahvant Butte 
samples, but generally higher and in a wider range. If the hypotheses proposed for Pahvant 
Butte are valid, and closed vesicularity is related to the grade of vesicle coalescence, I would 
observe this relationship at Black Point as well. As expected, based on the tomography 
quantitative analysis, the sample with the highest closed vesicularity (BPe2011.6_2) shows no 
obvious signs of coalescence. 
 Overall, vesicle population variability is slightly higher at Black Point than Pahvant 
Butte (from the two sites and sample suites considered here). However, analogously to 
Pahvant Butte, vesicularity is not well developed at Black Point (for the grain sizes/textures 
analysed). This, in addition to relatively low vesicle number density and indication of 
multiple vesicle nucleation and growth events, implies that this magma was characterised by 
initial bubble expansion, which led to fast bubble rise and coalescence up in the conduit, 
subsequent hydromagmatic explosions at different shallow depths, with interruptions of 
further bubble growth and coalescence due to fragmentation. However, I do not exclude 
magmatic fragmentation taking place in other parts of the conduit, where magma viscosity 
was higher due to formation of microlites in more-slowly ascending magma (Murtagh and 
White, 2013). 
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4.5. Summary 
 Black Point’s eruption took place in Pleistocene Lake Russell, producing an emergent 
basaltic Surtseyan volcano and tephra deposits dispersed on the surrounding lake floor. The 
ash-sheet deposits were found at proximal (Site A and Site B) and medial (Site C) locations 
from the Black Point edifice, within the edges of former Lake Russell, and show features of 
different tephra transport and deposition mechanisms. Similarly to Pahvant Butte, 
geochemistry was used here to link the edifice deposits with the ash-sheet deposits, however, 
the non-linear magma evolution during the eruption allowed only a partial reconstruction of 
its course. Site A was associated with the subaqueously emplaced mound from glass major-
elements and glass water contents, while Sites B and C were interpreted through geological 
observations. Site B was formed subaqueously from tephra jetting activity that produced 
particle fallout through the water column and eruption-fed density currents, and Site C was 
formed by particle fallout through the water column from a subaerial plume. 
 Vesicle volume distributions at Black Point indicate bubble coalescence and multiple 
events of bubble nucleation. The variations observed between equivalent stratigraphic units 
across two different sample suites and deposits (mound and Site A), suggest a moderate 
heterogeneity of the magma in terms of degassing. Finally, the relatively low total vesicularity 
and vesicle number densities for sideromelane lapilli, in accordance with experimental results 
obtained by Bai et al. (2008), suggest that the eruption at Black Point was mainly 
phreatomagmatic (see also Fig. 6.1).  
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CHAPTER 5 EXPERIMENTAL SUBAQUEOUS EXPLOSIVE 
ERUPTIONS 
 
 This chapter is a version of the published paper: Verolino, A., White, J. D. L., & 
Zimanowski, B. (2018). Particle transport in subaqueous eruptions: An experimental 
investigation. Journal of Volcanology and Geothermal Research, 349, 298-310. Verolino did 
the laboratory work assisted by White and Zimanowski in Zimanowski's lab, and undertook 
all data analysis, discussed interpretations with White and Zimanowski, produced the 
diagrams and wrote the text with contributions of an editorial nature from White. 
 
5.1. Introduction 
Subaqueous volcanic eruptions are the world's most abundant, and a large number of 
them are explosive (e.g. White et al., 2015). Although these eruptions take place beneath 
water, most of what is inferred about them has been extrapolated from observations made 
subaerially of events that breach the water surface (Thorarinsson, 1968; Waters and Fisher, 
1971; Kokelaar, 1983; Nemeth et al., 2006). Very small submarine eruptions have now been 
viewed directly (at NW Rota-1, Mariana arc and West Mata, Tonga arc; Deardorff et al., 
2011), but they are few in number and there is uncertainty in inferred source conditions. 
Ancient Surtseyan deposits offer information about initial subaqueous growth during the 
subaqueous phases of eruption (e.g. White, 1996a) and conduit processes (e.g. Murtagh and 
White 2013), but a challenge remains in inferring the nature of such unseen eruptions (White 
et al., 2015).  
Impulsive subaqueous explosions have been examined experimentally, often using 
spark explosions (Chahine et al., 1995), chemical explosions (e.g. Arons and Yennie, 1948; 
Keller and Kolodner, 1956), or releases of compressed gas (e.g. Iguchi et al., 1997; 
Matsumara and Kaminaga, 2012), with a focus on the behaviour of gas in subaqueous 
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conditions. None of these works addresses primarily the behaviour of particles, which play a 
fundamental role in volcanic eruptions and interpretations of eruptive events from their 
deposits. 
Our aim in this experimental work is to provide information about controls on 
behaviour of subaqueous eruptions through experiments in which particle-bearing expanding 
gas is introduced into water to address the dynamics of particle ejection and dispersion in 
these experimental underwater eruptions. These simple experiments have most direct 
application to submarine eruptions driven by carbon dioxide or other non-condensable 
magmatic gases. Thermal contraction of erupted gas does not take place in our experiments, 
but this is a modest limitation for non-condensable gases over the timeframes involved. For 
water vapor, which condenses very rapidly upon cooling, our experiments provide a milestone 
toward future work. We anticipate that when using steam its condensation will reduce jet 
expansion, and that there will be more-effective generation of density currents at the expense 
of plume development.  
 
5.1.1. Jet-plume dynamics 
Volcanic plumes can be distinguished based on their morphology (e.g. Sparks et al., 
1997), with four morphotypes identified: (1) jets, (2) steady buoyant plumes, (3) starting 
plumes and (4) discrete thermals (Patrick, 2007). Jets are completely momentum-driven 
plumes (gas-thrust), steady buoyant plumes are entirely driven by buoyancy, while starting 
plumes and discrete thermals represent variants to the steady buoyant plumes, with the former 
representing a later stage of the steady buoyant plume, and the latter being equivalent to a 
starting plume but no longer fed by the steady buoyant plume (detached from it). A forced 
plume is a plume that behaves as a jet at its initial stage, transitioning afterwards into a plume 
that at first has a higher velocity than a buoyant plume because some of the jet's initial 
momentum is transferred; it transforms finally into a fully buoyancy-driven plume (Morton, 
1959; Clarke et al., 2009). For short-duration explosive volcanic eruptions, a “neck” 
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connects the initial jet with the subsequently developed buoyant plume, which has a different 
vertical velocity (Chojnicki et al., 2014). Such necking has been observed at Stromboli 
volcano (Chojnicki et al., 2015b). From now on I will refer to a forced plume, and related 
processes, only in the context of the experiments performed here for what concerned initial 
momentum versus buoyancy mechanisms, not including any thermal effects, nor comparing it 
with subaerial plumes such as those described by Patrick (2007).  
  Our experiments are intended to mimic discrete underwater eruptions, of 
characteristically low mass eruption rates, in which a mixture of particles and gas enters the 
water column driven by a volcanic explosion. In particular, they are discrete impulsive 
explosions in which no sustained jet or plume is produced. Here, we are referring to the initial 
part of the plume as a jet, the buoyant portion of the plume as forced or buoyant plume and 
the entire plume as jet-plume. We use the terms neck and necking to refer to the jet-plume 
transition, and the process of its formation, respectively. 
Our focus is on the simplest of jet-plume dynamics and how they affect entry of 
particles into the water column, either to yield water-settled suspension deposits, or to initiate 
eruption-fed density currents. Many authors infer that Molten Fuel Coolant Interaction 
processes drive shallow-water volcanic explosivity (Peckover et al., 1973; Wohletz and 
Sheridan, 1983; Moore, 1985; Wohletz et al., 2013; Schipper and White, 2016). For the 
initial gas pressure we chose a range overlapping with those used in debris-jet experiments 
(e.g. Ross et al., 2008), which were chosen to be comparable with those arising from 
thermohydraulic (MFCI) explosions (Zimanowski et al., 1991, 1997a, b; Buettner and 
Zimanowski, 1998; Buettner et al., 2002). We note that the initial expansion of a particulate 
system within a water body can be compared with any submarine explosion, irrespective of 
water depth, because it is governed by hydrodynamic forces; only the magnitude of expansion 
changes with increased depth and pressure. 
The absence of hot gas or particles in these experiments, and particularly of 
condensable water vapor, is a limitation that will be addressed in future work. One effect of 
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the presence of a hot component in the ambient water is the thermal contraction that would 
affect the particulate material, reducing quickly its volume (Head and Wilson, 2003). Also, it 
is anticipated that with condensation of water vapor, the rise rate would rapidly lessen as the 
erupted mixture density increases, leading to lower and less-expanded plumes than those 
produced here. Also, not addressed here are waves at the water surface, which are very 
strongly affected by the small width of the tank. 
 
5.2. Results 
5.2.1. Explosion sequence: 
Among all the particle assemblages and pre-blast conditions tested and observed, there 
was a clear repeatable sequence of events arising from each explosion: 1) initial dome-shaped 
jet; 2) growth of a bubbly jet; and 3) separation of the first bubbly pulse from any basal jet; 
there were generally subsequent new jets of lower intensity (Fig. 5.1), which we interpret as 
inertial/elastic behaviour of the gas delivery system. During this sequence, we distinguish an 
initial jet and a forced plume (Clarke et al., 2009), separated by a “neck” (due to the different 
momentum of the lower versus upper part of the jet-plume, Chojnicki et al., 2014). During 
this stage the jet ceases and the base of the forced plume largely separates from gas entering 
the base of the tank. The forced plume remains momentum-driven, with a rise rate 
substantially greater than that of separated bubbles undergoing buoyant rise. In most runs, 
there is a subsequent weak jet-plume, particle-poor and driven by later-escaping remnants of 
gas from the argon line. This sequence has been verified for all runs, except for BdU_r11, in 
which no plug was placed at the bottom of the container, and AdU_r15, whose spunlace fiber, 
positioned manually, was subjected to a lower pressure in the container; both those runs 
produced irregular doming. In addition, there was no necking of subaerial jets. 
The whole sequence is exemplified by run BdU_r13 (Fig. 5.2), in which glass beads of 
different colours were used (red at the bottom of the Teflon® container, white in the middle, 
and blue at the top, filling the entire volume of the container with each group of beads in 
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approximately the same amount) acting as markers through the explosion. The early stage of 
the jet (t= 0.025 s) revealed mainly blue beads. After 0.036 s, the jet started to expand and 
assumed a subspherical shape (relatively equant but with irregularities growing through time), 
with red beads transferred upward by the gas jet through the white beads and the previously 
formed blue outer part of the dome. The next phase (t= 0.069 s) was dominated by necking, 
the separation of the first group of bubbles from a driving jet. At this point particles in the 
upper part of the forced plume were still moving upward with momentum imparted by the 
initial gas jet, but the remaining particles (at the necking zone beneath the rising forced 
plume) were being drawn back into the plume's mixture of gas, water and particles (see 
description of this process in Section 5.2.2). 
 
 
Fig. 5.1. Run showing the first forced plume developing at the top, connected by a neck with a new pulse of lower 
intensity. "Necking" occurs as the initial impulsively driven jet separates from the vent as it continues ascent as 
plume with a buoyancy forcing.  
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Fig. 5.2. BdU_r13 showing sequence of events through the blast and their relative schematic evolutions. (a, a1) initial dome dominated on top by the blue glass beads all closely packed 
together at the jet head; (b, b1) jet expansion with red glass beads carried upward by the gas through the white glass beads that lay above them in the sub-tank container; (c, c1) weak 
necking and first motion of the forced plume. All the black arrows in the cartoons indicate the jet or plume motion and associated relative velocity (length of the arrow). 
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5.2.2. Particle transfer into the water-column 
In every run, particles entered the tank water at different times from the dome, jet or 
plume. The first group of particles entered the water from the dome, commonly driven into 
the water as a plug when the gas first expanded upon entry into the container. The second 
group of particles was carried upward in the main jet of gas, and then released during the 
necking transition from jet to forced plume. When large and dense particles were present 
(notably the ceramic balls), especially in dry conditions, approximately 10% of them followed 
ballistic trajectories, transiting through the expanding jet of gas, particles and entrained tank 
water to enter the water at relatively high speed (much faster than the jet and plume). This 
ballistic behaviour was almost absent in an otherwise equivalent run with the particles 
initially in water (Fig. 5.3). In this case, the particles were mainly carried upward by the jet 
and just a few of them passed into water ahead of the plume after necking, indicating that they 
were moving only slightly faster. 
 
 
Fig. 5.3. Runs showing the behaviour of the ceramic balls through the mixture of fine ash, gas, and water. Image 
A (ACdU_r17) shows the ballistic paths of the ceramic balls highlighted by cavitation tails left behind the ceramic 
balls (blue circles). Equivalent run in wet conditions (B, ACwU_r23) lacks strong arcing trajectories, with the 
ceramic balls carried upward at a similar velocity as the jet, though there is still a small amount of momentum-
driven transport of the ceramic balls indicated by the small number that still manage to advance slightly ahead of 
the plume or laterally beyond it (yellow circles). 
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During and after the necking transition, all subaqueous jets and plumes analysed here 
showed two distinct behaviours. (1) Particles were characteristically left behind, or 'stranded' 
(i.e., carried out of the jet by momentum and then left suspended) within the tank water 
during necking, and groups of these particles were drawn upward into the forced plume when 
necking was completed and the plume rose independently. This process was observed, to 
different degrees, with both initially dry particles and with water-immersed particles, with 
different ejected particles, and with jets having different initial behaviours after the doming 
stage (Fig. 5.4). One particle type, the ceramic balls, behaved differently; the balls' high mass 
kept them from being drawn back into the plume, and balls stranded in the tank water settled 
independently. (2) In the very last stages (ca 0.20 s - end of recording), runs with fine ash, 
including fine ash mixed with ceramic balls or very coarse pumiceous ash (both dry and wet), 
produced well-defined gravity currents. These either developed from the upper part of the 
forced plume, or flowed downward directly from the bottom of the rising plume as vertical 
density currents. When they reached the tank floor, they flowed laterally as "ground"-hugging 
turbidity currents (Fig. 5.5). 
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(previous page) Fig. 5.4. Runs showing particles being drawn, re-entrained, into the rising forced plume. The 
yellow arrows highlight particles drawn in by plume rise after necking from the initial jet; blue arrows show 
particles being drawn into second-phase plumes after a subsequent jet pulse.  
 
 
Fig. 5.5. Gravity flows forming at different times during fine ash runs. Run AdU_r14 shows the lower portion of 
the column descending and slightly spreading radially. In runs AwU_r22 and ACwU_r23, finger-like gravity flows 
were generated directly from the upper portion of the cloud, just below the air-water interface. Red arrows 
represent the directions of flows. 
 
5.2.3. Jet dynamics: 
A key variable in the subaqueous experiments was whether, before the explosion, 
particles were dry, with interstitial air, or were immersed in water. Another variable, the types 
of particles used, also changed jet morphologies and evolution under identical pressures and 
initial state. There are three main jet shapes in descriptions below, for water-immersed 
particles and dry particles driven into water respectively. They are: 1) finger-like; 2) 
subspherical, and 3) and shapes intermediate between the two (Fig. 5.6). Note that for jet 
dynamics we refer to only the first 0.05 s for every run considered, which corresponds to the 
time period just before the transition to forced plume. For simplicity, we refer to this stage of 
the jet-plume as a jet. 
The experiments conducted with water-immersed particles showed a wide range of jet 
shapes. The run with red and blue glass beads and quartz sand (BSwU_r20) displayed an 
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intermediate shape, with the particles roughly equally distributed throughout the jet. There 
was also, however, significant vertical growth of the expanding jet in this run, with the rising 
jet entraining some of the water initially interstitial to particles in the container. Similar 
behaviour was observed for the runs with fine ash, and fine ash plus ceramic balls (AwU_r22 
and ACwU_r23 respectively). The run with the pumiceous very coarse ash mixture 
(PwU_r24) evolved as a subspherical jet through time. 
 
 
Fig. 5.6. Subaqueous runs with dry (top line) and wet particles (bottom line). The images show that runs with 
identical pre-blast conditions, for the same reference frame (0.042s), can generate jets with different morphologies 
depending on the material used. Three main morphologies were identified: finger-like (ACdU_r17, PdU_r19, 
BSwU_r20), sphere-like (BdU_r13, AdU_r14, PwU_r24), and an intermediate shape (AwU_r22, ACwU_r23). 
 
The jet behaviour was quite different for dry particles driven into water. We observed 
subspherically expanding jets for the runs with glass beads and fine ash (BdU_r13 and 
AdU_r14), characterised by minimal “shedding” (i.e. transfer of particles out of the jet or 
plume into the relatively static water column in the tank) of particles, gas and water from the 
growing jet. In contrast, fine ash with added ceramic balls (ACdU_r17), and fine ash with the 
pumiceous assemblage (PdU_r19), showed greater changes in jet-plume shape through time. 
In both cases, most of the coarse particles visibly remained in the lower part of the jet at the 
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point where it expanded laterally into the water, while a piercing jet dominated by gas bubbles 
and water passed through this to form the finger-shaped jet. A small amount of finer particles 
was carried upward, in the light coloured upper jet (e.g. Fig. 5.6). 
 
5.3. Discussion 
 The general aim of these experiments was to assess the behaviour of particles ejected 
subaqueously by a discrete explosion, particularly the nature of their transport from the vent 
and transferral into the water column. We found, as did Chojnicki et al. (2014, 2015a, 
2015b), that an initial jet transforms through necking to a momentum-driven forced plume. 
The transfer of particles into the tank water varied most strongly with their degree of 
entrainment in the expanding argon gas, which was controlled by whether particles in the 
container were dry or enclosed in water prior to the explosion. Particles of varying size, shape 




Scaling is a primary issue when scientists approach natural phenomena 
experimentally. A conventional approach when comparing experimental analogs with natural 
systems involves dimensional analyses, where parameters such as Reynolds number and 
Froude number are used to match the experimental and the natural system. However, the 
experiments performed here were simply designed to investigate the fundamental behaviours 
behind particle transfer to the water column in individual subaqueous explosions of low-
medium intensity. Therefore, they are not scaled in terms of non-dimensional parameters. 
As highlighted in Section 2.6, all particles used in our experiments, i.e. extremely fine 
ash to sand-sized glass beads and granule-sized ceramic balls, are in the natural range for the 
scale of interest, (White and Houghton, 2006). Clark et al. (2009) utilized particles with a 
ratio of particle diameter to vent diameter ranging from 10-5 to 10-3, and, according to the 
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same authors, volcanic explosive eruptions have ratios up to 10-8. A large ratio, for a vent of 
fixed diameter, would mean relatively coarser particles with respect to the vent diameter than 
would a small ratio. In our experiments, this ratio had a comparable range, from of 10-4 to 10-
2, with ceramic balls and coarse pumiceous ash yielding the highest values (Appendix E). 
Hypothetically, our extremely fine-ash particles correspond to coarse particles (e.g. coarse 
lapilli, bombs) in a natural setting, and such particles, for a given explosion intensity, might 
behave quite differently from finer particles. However, for the particle sizes used here, we 
suggest that particle transport in the experiments represents the natural system well in a more-
direct way, with our coarse and dense ceramic balls displaying ballistic behaviour expected of 
large blocks or bombs at natural eruption scales. If the experiments were highly sensitive to 
particle size, density, and settling velocity, we would have seen larger differences in 
behaviour across the 3 F (0.062-0.25 mm) size range employed, and across the 2500 kg/m3 
density range. There is still much to learn from experimental analogues (Paola et al., 2009), 
which often reproduce natural behaviours despite an inability to simultaneously scale 
different parts of the experimental system. 
Explosion intensity (driving pressure) was chosen to be comparable with previous 
bench-scale experiments and the range of energy release from volumetrically comparable 
explosive Molten Fuel Coolant Interactions. For the tank depths in these experiments, gas-
bubble behaviour is largely insensitive to water depth (Santos et al., 2008; Matsumura and 
Kaminaga, 2012). The geometries of the jets-plumes depend on balances, rather than 
absolute values, of pressure so the experimental ones are good analogues for natural ones. 
 
5.3.2. Other limitations 
Although cooling and condensation does not play a role in our experimental work, it is 
certain that when explosions are driven by a condensable gas it will affect the dynamics of the 
jet-plume, with probable impact on particle transport and deposition. According to Jeon et al. 
(2009), a bubble of water vapor 1.8 mm in diameter takes ~0.035 s to condense in ambient 
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water. Linear extrapolation of these results suggests that a water vapor bubble 30 mm in 
diameter takes ~0.3 s to condense, and while the extrapolation is imprecise it suggests that 
condensation, or rather the lack of condensation, cannot be entirely ignored even over the 
short duration of these experiments. Cooling of water vapor would quickly reduce the gas 
volume through condensation. Although the overall duration of every run reported here is 
about 1.3 s, the time frame of interest for our purposes, in which most of the processes 
observed take place, is 0.3 s or less. We find that it is difficult to quantify the number and 
sizes of bubbles in the jet and forced plume. This is partly because of the presence of 
particles, but also because even in particle-free test runs, "clouds" of bubbles make up the jet 
and plume, and cannot be separated optically. In some runs, during the necking transition 
from jet to plume, a population of bubbles can be seen and measured, with some larger than 
40 mm (usually between 0.15 and 0.3 s; e.g. plume head Fig. 5.1). Small steam bubbles would 
condense very early, but after transferring momentum and heat to the water. Early 
condensation would presumably shorten the jet length prior to necking, which is when the 
strongest re-entrainment of particles took place in our experiments, as they were drawn into 
the rising plume. Gravitational particle shedding, which here took place generally later than 
0.3 s, could begin earlier and closer to the vent if explosions were driven with condensable 
gas.  
 
5.3.3. Initial doming 
Over the full range of conditions and materials used, including the subaerial runs, our 
experiments consistently reproduced the initial "doming" stage of each explosion. The 
particles at this stage behave as a smooth-fronted extruding plug, pushed out of the sub-tank 
container by expanding gas entering from below, and the behaviour mimics a blast driving 
debris ahead of it out of a vent mouth. In this initial stage, particles remain closely packed and 
have neither been entrained in the expanding gas nor released into the water column. Two 
experimental runs, BdU_r11 and AdU_r15, did not produce smooth domes. This indicates 
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that the doming is sensitive to the nature and geometry of initial contact between gas and the 
particle mass. 
 
5.3.4. Significance of the necking transition between jet and forced plume 
Each run in water exhibited a clear initial jet expansion, followed by partial or full 
necking, then rise of a forced plume to the surface where it breached. This behaviour might be 
limited to small-scale individual underwater explosions, which is the focus of the present 
work. Closer comparisons can be drawn with jets-plumes arising from discrete explosions 
from both experimental work and observations of subaerial volcanic plumes (Clarke et al., 
2009; Chojnicki et al., 2014, 2015a, 2015b), as well as in propulsion jets that also exhibit 
necking (Tang et al., 2011). Chojnicki et al. (2015a) found that jet heights varied 
logarithmically with time after onset, and that differences in instantaneous mass eruption rate 
strongly affected mixing, entrainment and collapse of plumes. The necking phase in our 
experiments is important in mediating transfer of particles delivered to the water column by 
the initial jet into particulate suspensions that are 'stranded' in the tank water. After necking, 
rise of the forced plume draws some of these particles back into the rising plume. Other 
particles settle independently from suspension, or flow away from the eruption site in 
sediment-gravity flows. In the subaerial runs performed, for all materials used, there was only 
a simple expansion phase through the column of air (Fig. 5.7), with increasingly dispersed 
particles travelling along roughly linear paths until they collided with the tank's walls (or 
towel-covered roof). 
Two main gas regimes can be identified for gas injection into water from a single 
orifice: bubbling and jetting (Yang et al., 2007). Our subaqueous runs began with jets driven 
by release of pressurised gas, which produced 'clouds' of bubbles; when the pre-release gas 
pressure (driving pressure) was reduced, some bubbles coalesced to yield a jet with a wide 
range of bubble size. Weiland and Vlachos (2013) argue that such a jetting-bubbling 
transition is controlled by Rayleigh-Taylor and Kelvin-Helmholtz instabilities. We infer that 
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in our experiments necking took place when the initial jet ceased being driven upward by the 
supply of expanding gas, at which point the momentum-driven forced plume continued 
upward separately. 
In our runs, the jet-plume expanded as a cluster of bubbles of different sizes, as also 
reported by Leibson et al. (1956), who relate properties of the bubble mix in a stable jet to the 
flux regime (laminar or turbulent) and flow rate and found that the higher the flux and 
turbulence, the more strongly big bubbles are broken up into smaller ones. For higher stable-
jet flow rates with similar degrees of turbulence, this behaviour is even more pronounced. In 
our experiments, the transient overpressure [≈flow rate] induced sufficient turbulence to form 
a jet with bubbles of different sizes, including in test runs without particles (see 
supplementary material, https://doi.org/10.1016/j.jvolgeores.2017.11.013). Note that the 
presence of particles lowers the minimum velocity required to switch from a laminar to a 
turbulent jet regime (Zhao et al., 1990).  
The precise relationships among bubbles and particles in our runs are difficult to 
quantify. The initial jet in all subaqueous runs, just after doming, appeared to be a locally 
 
 
Fig. 5.7. Time sequence through the subaerial run BdA_r25. The jet exhibited a single, simple expansion phase in 
air with coloured beads exiting in the order of layers in the container.  
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heterogeneous but broadly homogeneous mixture including gas bubbles, particles and tank 
water. Bubbles can interact with particles, and their degree of attachment and detachment 
with bubbles is a function of several variables; particle density, size and shape, bubble size, 
fluid film thickness between bubble and particle, nature of the bubble surface (mobile or 
immobile), degree of hydrophobicity of the particle, contact angle and contact time between 
particle and bubble (Ralston et al., 1999; Albijanic et al., 2010), plus other parameters that 
were fixed in our experiments (pH and temperature of the water).  
Subaerial eruption plumes also re-entrain particles previously shed from the plume, 
and the process has been addressed through both modelling and experimental work showing 
that re-entrainment of particles into the plume, if sufficiently intense, might cause oscillatory 
gravitational collapses of the plume (Veitch and Woods, 2000). The necking dynamics in our 
experiments differ from those of a sustained plume. In our subaqueous runs, necking stranded 
particles in the water, with some re-entrained when the forced plume ascended. Bulk 
buoyancy drove plume ascent once the initial momentum forcing had decayed (see also 
Deardorff et al., 2011).  
 
5.3.5. Particle Coupling 
The degree to which particles were coupled with expanding gas, tank water and 
interstitial water/air varied with particle type and whether particles were initially in water or 
air. In general, for runs with water-immersed particles driven into water, when expanding 
argon entered the container it mingled with and entrained the particles and their interstitial 
water, creating an early mixture that was driven into the water in the tank. The erupting 
mixture breaks into bubbles and domains of particle-bearing water, with the whole mixture 
then carried upward in the tank where it efficiently mixes with tank water. Most of these 
shapes suggested good coupling of particles and/or accompanying interstitial water with the 
expanding argon gas. Runs with initially dry particles driven into water showed weaker 
coupling with expanding argon in the container and also coupled poorly with tank water in the 
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expanding jet. Given this difference in jet behaviour, we infer that the initial pre-mix in the 
container is a key controlling factor of jet dynamics. This is expected – the two experimental 
starting conditions were meant to represent different dynamics. The particles-in-air case is 
similar to a jet driven by an explosion that produces particles and expanding gas, while the 
particles-in-water case represents motion of a particulate slurry being driven into water by 
expansion from an explosion beneath it.  
Behaviour of large dense ceramic balls in some runs provides information about the 
timing and quality of particle coupling with the expanding argon. Some of these balls 
travelled in a ballistic manner during dry runs, eventually passing through the front and sides 
of the jet and plume, leaving cavitation tails behind them. In wet runs, some ceramic balls 
were able to slightly penetrate the leading edge of the forced plume, but formed no cavitation 
tails. Their velocities in water were barely sufficient for them to move ahead of the plume, 
with little relative difference in velocity. This suggests that within the jet and plume, the balls 
could move slightly faster through argon gas domains, and hence move to the front of the 
plume, but that once in the water they could not maintain a higher velocity even though they 
continued travelling independently of it. Barreyre et al. (2011) argue that entrainment of 
seawater in a buoyant volcanic plume can play a crucial role in clast behaviour. Fig. 5.8 
illustrates the entrainment of tank water during our experiments (see Section 2.6.1 and 
Appendix E2 for methods and calculations respectively). At a given time frame, runs with 
initially water-immersed particles, have larger volumes than runs with initially dry particles. 
Therefore, there is more-efficient entrainment of tank water into the mixture for runs with 
initially water-immersed particles, and again, the presence of particles itself influences the 
system, because different volumes of entrained tank water were observed for different particle 
types. 
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5.3.6. Particle shedding 
Single explosions shed particles in multiple episodes, indicating that both populations 
of individually settling particles and gravity currents fed from such explosions have complex 
source dynamics. The different patterns observed in our experiments are consistent with the 
formation of eruption-fed density currents as inferred for real Surtseyan eruptions (White, 
2000). Key material features must be considered for this process, such as particle settling 
velocity (function of material density, kinematic viscosity, particle size, particle shape and 
acceleration by gravity), particle population homogeneity and, for observations in our 
experiments, our ability to discern particles against the background. Individual coarser 
particles, once released into the initially static tank water, settle at different velocities 
(ceramic balls: 30-40 cm/s; very coarse water-saturated pumiceous ash grains: 10-20 cm/s, 
Barreyre et al., 2011). For the finest materials used in the present experiments (particularly 
the 125 µm ash) this velocity was <1 cm/s, with the result that at the ends of runs (not 
illustrated) the tank was fully occluded by suspended particles. Most visibly with the basaltic 
ash, stranded particles typically travelled in groups, forming sediment-gravity flows that 
initially travelled vertically downward. Density currents were consistently generated from the 
upper part of the forced plume as it reached water-air interface. At this density and fluid-
phase barrier particles in tank water briefly collected, clustering under surface tension at the 
interface (particularly the red beads), before settling as single particles or multi-particle 
aggregates. In contrast, particles shed during the necking transition from jet to forced plume, 
became stranded in particle-water masses too massive to be drawn back into the forced 
plume; these particle-water masses then flowed downward as vertical gravity currents driven 
by their excess density relative to the tank water. The particles with the largest diameter, the 
ceramic spheres, never formed gravity flows, both because they became highly dispersed due 
to outward travel along ballistic paths, and because once in the water they settled quickly and 
 




Fig. 5.8. Volumes of tank water entrained into the jet and forced plume for runs with particles initially in dry (orange circles) and wet conditions (blue circles) respectively, for different 
materials. The volume of entrained tank water has been calculated by the difference between the volume of the jet and volume of displaced water. 
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separate from one another at modified-Stokes settling rates. Clear glass beads seemed to show 
intermediate behaviour, but had very low contrast in the tank and were difficult to image, 
while the colored beads sometimes either floated (red beads) or settled (blue beads) in 
electrostatic/surface-tension clusters that probably have no natural subaqueous-eruption 
analogues.  
 
5.3.7. Implications for shallow-subaqueous volcanic eruptions: 
Subaqueous eruptions can involve multiple explosions with magma, ocean/lake water 
and subaqueous sediments. Our experiments were designed to study the initial transport of 
particles into water driven by an overpressured individual burst inferred to scale with 
plausible eruption pressures in nature for single explosions driven by non-condensable gases. 
Multiple bursts, or sustained explosive activity, which is not the focus of the present research, 
may produce different results.  
An important feature of these experiments is that none produced a simple empty 
expanding bubble (cavity) that collapsed and rebounded. The bubbles observed here were not 
empty cavities, but they were filled with argon. Cavitation and collapse, however, are well-
documented in many experiments with discrete subaqueous explosions generated in the water 
column or adjacent to a wall (e.g. Arons and Yennie, 1948; Chahine et al., 1995; Geers and 
Hunter, 2002) where particles are not present. We are unaware of similar explosions within a 
vent structure, and suggest that the behaviour described above is a nozzle effect of the 
particle-holding container that causes the argon gas in our experiments to enter the water tank 
as a cloud of small bubbles rather than as a single bubble. The presence of particles in the 
container will have further favoured clouds of bubbles rather than a single one. Natural 
volcanic vents are likely to similarly constrain growth of a single bubble, and to contain 
particles, so we infer that the conditions in these experiments more closely approach naturals 
ones than do experiments with explosions within the water column.  
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The doming of the water seen at times from shallow underwater explosions during 
eruption of Surtsey and other volcanoes reflects formation of a gas bubble or population of 
bubbles (Thorarinsson, 1967; White, 2000). From an explosion site, the explosion may 
transport explosion-generated new juvenile particles plus/minus other particles entrained from 
material adjacent to the explosion site or along the path of gas expansion. This mixture of 
expanding water vapor, and potentially some magmatic carbon dioxide or sulfur dioxide, rises 
initially as a gas jet into the ambient water and displaces it. This jet-expansion stage took two 
forms in our experiments, with differences depending on whether, before the explosion, 
particles were immersed in water or were dry particles in air. The dry-particle runs mimic a 
simple explosion yielding expanding gas carrying the pyroclasts generated by the gas-jet-
forming explosion. This implies that particles from a similar natural eruption might be poorly 
dispersed away from the vent site. Some large dense particles in our experiments of this type 
could be launched subaerially in real eruptions as well, forming a hazard for observers at the 
surface. For runs with particles immersed in water, the natural outcome can be different. 
Ballistic behaviour was minimal; however, the hazard here can be represented by the efficient 
particle transport (due to ambient water entrainment), which, in our experiments was 
expressed under the form of later gravity flows, but in a real setting, with such efficiency of 
sea/lake water entrainment, there might be early collapses of the column and consequent 
formation of pyroclastic flows. 
At this stage, we did not analyse deposits left in the tank. In addition, because of the 
small width of the tank, density currents encountered the walls during runout. Despite this 
geometrical limitation, the experiments demonstrate key plume dynamics, and provide results 
that will inform future investigations employing steam injection and/or a larger tank. 
 
NW Rota-1 
In 2006, a submarine explosive eruption of low intensity was witnessed at NW Rota-1, 
Mariana arc. The eruption started at ~550 m b.s.l and reveals eruptive processes of the sort 
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modelled here. Information from Deardorff et al. (2011) regarding eruptive style and particle 
transport at NW Rota-1 can be compared with results of our experiments. The NW Rota-1 
eruption was characterised by different phases; here we address the initial explosive 
intermittent activity. Details of the energy (i.e. potential and mechanical energy) for this 
eruption are lacking, but we infer that the eruption scale allows comparison given its inferred 
Strombolian intensity, small size (plume heights < 3 m, compared to 0.3 m in experiments) 
and low mass flux (lower range 1-10 m3/hr). In our run ACdU_r17, there is a clear division 
between the gas phase and the solid phase of the ejecta, with most of the fine ash and ceramic 
balls occupying the lower part of the jet-plume, with poor dispersion from the nozzle allowing 
most balls to fall back once the initial momentum decreased. At NW Rota-1, most of the 
bigger clasts (bombs and lapilli) fell back into the crater, enhancing pyroclast recycling 
processes. The transition from our momentum-driven jet to forced plume appears comparable 
to the change in behaviour at NW Rota-1 inferred to represent a transition from jet to a 
buoyancy-driven plume. Fig. 5.9 compares proportional rise rates at NW Rota-1 with rise 
rates in our experiments (for runs with initially dry and water-immersed particles 
respectively), using non-dimensional parameters of height (h/hmax) and time (t/tmax), as 
suggested by Chojnicki et al. (2015a). Height is presented as a ratio between the height of 
the jet-plume at a given timeframe divided by the maximum height of the jet-plume observed, 
either for our experiments (32 cm) or for NW Rota-1 (1.60 m). Time has also been non-
dimensionalised by dividing measured times by total time considered. These non-dimensional 
parameters allow comparison of rise rates at different scales, from centimeter scale (our 
experiments) to metric scales for NW Rota-1; it is important to highlight that the maximum 
height considered for the experiments is limited to the height of the water level in the tank, 
while for NW Rota-1 the maximum height refers to maximum height of the plume above the 
vent observed for one particular phase of the eruption. Although this limitation, both 
experimental and natural rise rates at NW Rota-1 are comparable in terms of presence, or non-
presence, of a jet-buoyant (forced) plume transitions. Runs BdU_r13, AdU_r14 and PdU_r19 
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all had similar behaviour, with the plotted break in slope showing when and where necking 
took place. Run ACdU_r17 had quite different behaviour, with no jet-plume transition 
evident. We infer that the initial jet slowed the dense ceramic balls from it, entraining with 
them enough ash to obscure the transition. We have plotted the rise rate at NW Rota-1 on the 
same graph, revealing that it was consistent with that for most of our runs that involved 
particles initially in dry conditions. Deardorff et al. (2011) inferred that the slope-break 
indicated development of a fully buoyant plume, but we infer here that the transition in 




Fig. 5.9. Non-dimensional rise rates (Chojnicki et al., 2015a) for runs with particles initially in dry (A) and wet 
(B) conditions. Rise rate for NWRota-1 (dive J2-189) is also reported for comparison. NW-Rota-1 shows a similar 
behaviour to runs with initially dry particles. Runs with initially water-immersed particles have more-steady 
logarithmic trends, except for the run with coarse pumiceous ash (PwU_r24), which is closest of all in behaviour 
to NWRota-1, due to the low density of pumice. 
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Our runs with initially wetted particles, in particular BSwU_20, AwU_r22 and 
ACwU_r23, do not show the slope-break seen for their dry counterparts. Instead, they show a 
more-steady logarithmic deceleration, though videos still indicate a transition to a forced 
plume (supplementary material). The only exception here is PwU_r24 (coarse pumiceous 
ash), which had a similar behaviour to runs with initially dry particles and to NW Rota-1. 
Such behaviour, which reflects plume buoyancy, was expected because the pumiceous 
particle mixture has a low density, leading to greater buoyancy of the plume. The close 
approximation of the wet-pumice run with NW Rota-1 behaviour may be informative; the 
saturated experimental pumice mimics eruptive particle saturation during recycling, and 
rough, vesicular, hence slow-settling particles. The relatively high hydrostatic pressure at NW 
Rota-1 has been inferred to play a crucial role, by limiting expansion of water vapor formed 
as magma encountered seawater. Our experiments are at low pressure, and there is no 
formation (or expansion) of water vapor. We infer that the difference in jet-plume transitions 
in our runs versus those at NW Rota-1 is most strongly related to the absence of water vapor 
in our experiments. 
 
5.4. Conclusion  
In our subaqueous experiments, each explosive burst initially pushed out overlying 
particles en masse as a domical plug. This was followed by expansion of gas as a jet of 
bubbles that also contained particles and entrained tank water. This initial jet reached several 
"vent" diameters into the tank before separating from the jet source by necking, with 
subsequent rise of a forced plume driven partly by plume buoyancy. We infer that this 
behaviour, also seen at NW Rota-1 and in experiments addressing transient strombolian 
jets/plumes, is typical for transient subaqueous eruptions. Necking is driven by the shift from 
a discrete fully momentum-driven jet to a partially (or fully) buoyancy-driven plume that 
continues rising as the jet ceases or is interrupted. Our experiments add to our understanding 
of particle ejection and transfer to the water column in subaqueous explosions. They provide a 
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clear picture of jet-plume transitions and particle delivery into the water column, and insight 
into the nature of particle transport away from such eruptions. Future experiments on this 
topic would profitably employ thermally sensitive water vapor as the driving gas, allowing 
assessment of the role of vapor condensation in particle dispersal from subaqueous eruptions. 
Also, the addition of a complete dimensional analysis and scaling will help to better 
understand the physics of the processes involved. Parameters investigated for scaling will be 
the Reynolds number, the Froud number and the Rayleigh number. 
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CHAPTER 6 DISCUSSION 
 
6.1. Discussion 
6.1.1. Overview and thesis contribution to Surtseyan volcanism 
Surtseyan volcanism, the main subject of this dissertation, is controlled by magma-
water interaction, inferred by many to include explosive Molten Fuel Coolant Interactions 
(e.g., Peckover et al., 1973; Wohletz, 1983; Zimanowski et al., 1991; Zimanowski et al., 
1997a, b; Zimanowski, 1998). This term comes from engineering studies, where a molten 
"fuel" comes into contact with a "coolant" with vaporization temperature lower than the 
temperature of the fuel. The natural equivalents for the molten fuel and the coolant are magma 
and water respectively. Sheridan and Wohletz (1981) and later authors (e.g., Wohletz and 
Sheridan, 1983; Wohletz and McQueen, 1984) proposed a relation, based on experiments, 
between the mass ratio water/magma and the conversion efficiency of thermal energy to 
mechanical energy, and relate the different volcanic landforms according to this ratio, with 
pillow lavas (high water/magma ratio and low efficiency) and cinder cones (low water/magma 
ratio and low efficiency) as end members. These authors found that the maximum conversion 
efficiency is recorded for intermediate water/magma ratios, from which tuff rings, and 
immediately close (in their diagram) tuff cones, are inferred from, with Surtseyan activity 
covering the fields of both landforms (Wohletz and McQueen, 1984). In contrast, as 
highlighted by Schipper and White (2016), contact between magma and pure water, is not 
enough to account for Surtseyan fashion eruptions (White, 1996b). These authors proposed 
that a water-particle slurry is present in Surtseyan vents, and involved during explosive 
interactions with magma, including the formation of magma-slurry premix before any 
explosion takes place. Although many authors agree on MFCI being the driving 
fragmentation mechanism in Surtseyan eruptions, others question this hypothesis (Kokelaar, 
1983; Kokelaar, 1986), supporting a variable role played by magmatic fragmentation and by 
non-MFCI magma-water interactions. In maar-diatreme forming phreatomagmatic eruptions, 
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the magma first comes into contact with groundwater not at the water table level, but at 
greater depth as it passes through wet country rock; explosions may take place so long as the 
hydrostatic pressure is below the critical pressure of water (Valentine and White, 2012). 
Generally, these depths can be up to 2 km, but explosions are more effective at water depths 
<100 m (Zimanowski and Buettner, 2003). In Surtseyan eruptions the mechanisms are 
slightly different. They begin well below the water surface in marine settings, and are not 
necessarily affected by groundwater even in lacustrine settings. In these environments, the 
water-saturated slurry inferred to be involved in the explosions (White, 1996b; Schipper and 
White, 2016) may be provided by the subaqueous sediments, or by percolation of water 
within fractures of harder country rock with consequent hydromagmatic interactions taking 
place either within it or within the wetted sediments just above it. Consequently, factors to 
take into account here are: 1) thickness of the non-lithified subaqueous sediments, 2) 
permeability of the non-lithified subaqueous sediments and country rock, and 3) depth of the 
lithified country rock. All these elements vary from place to place, for different 
geographic/geological settings, and may affect the excavation depth and eventually the 
presence/non-presence of a diatreme.  
A non-simple (Valentine and Groves, 1996; Lefebvre et al., 2013; Valentine et al., 
2017) way to determine the excavation depth is through the population of lithic clasts in 
ejecta. At Black Point, lithic fragments are abundant in only some edifice deposits, and are 
mostly lacustrine mud, plus granitic and metamorphic clasts, many identifiably pebbles and 
cobbles, interpreted as glacial outwash material (Christensen and Gilbert, 1964). At Pahvant 
Butte, the lithic fragments are mostly composed of lacustrine sediments and rare fragments of 
older lava (Murtagh, 2011). This would indicate low excavation of country rock at Pahvant 
Butte and Black Point, consistent with a small or absent diatreme (Kokelaar, 1983). At 
Surtsey, the presence of a diatreme has been inferred (Moore, 1985), which extends up to 
~500 m deep into the seafloor, of which only the uppermost part comprises unconsolidated 
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sediment (Jackson et al., 2015). However, Moore’s hypothesis was questioned by Kokelaar 
(1987), who does not support the diatreme model, based on eruption observations.  
All this highlights the still existing controversy regarding Surtseyan volcanism and the 
necessity of develop a common model to explain the main processes taking place in such 
contexts. 
My contribution in this thesis to some of the answers is provided by the 3D vesicle 
data. My results show that in the size fraction small lapilli – medium lapilli (White and 
Houghton, 2006), for sideromelane pyroclasts, total vesicularity is relatively low compared to 
values expected to derive from magmatic fragmentation driven by gas exsolution (vesicularity 
higher than 65%, Bai et al., 2008). I consistently obtain vesicularity values lower than ~35% 
across the two Surtseyan volcanoes investigated for this project (and Surtsey, see Appendix 
F). This would support the hypothesis that a full vesicle development is not common in 
phreatomagmatic eruptions due to a vesiculating rising magma encountering external water, 
fragmenting and interfering with bubble growth (Houghton and Wilson, 1989). However, 
the vesicularity range can be rather large when MFCI is inferred (Houghton and Wilson, 
1989), because magma-water interactions can take place at any depth in the subsurface, as 
long as the hydrostatic pressure is below the critical pressure of water (Valentine and White, 
2012). On the other hand, qualitative lithic clasts information at Pahvant Butte and Black 
Point suggests that excavation depth was low at both sites, and this would support a model 
with relatively shallow MFCI’s and little developed magma vesiculation (Fig. 6.1). In 
conclusion, although previous works report that magma can fragment in a wide spectrum of 
vesicularities (e.g., Spieler et al., 2004), my conclusion of MFCI playing a leading role at 
Pahvant Butte and Black Point is also supported by recent ash particle morphometry studies 
(Murtagh, 2011; Murtagh and White, 2013). 
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6.2. Future work 
 On the basis of what has been tackled in this dissertation, some more work is 
necessary to reduce the questions that still challenge geoscientists when dealing with 
Surtseyan volcanism, and particularly magmatic versus phreatomagmatic fragmentation in 
these systems. 
 The techniques used for this work resulted satisfying, however, at times incomplete. 
Trace-element data of glass would be useful to constrain the source conditions at Pahvant 
Butte and Black Point, together with a larger dataset of melt inclusions with associated major-
element, trace-element and volatile data. Performing FTIR analysis in Synchrotron facilities 
would be of large utility in terms of resolution and mapping capability of large sample areas. 
Also, FTIR, SIMS and/or Raman analysis with the target of investigating water speciation and 
other volatiles (e.g. CO2) in glass and melt inclusions, would bring light on the degassing 
processes at Pahvant Butte and Black Point from the source to the eruption. X-ray computed 
micro-tomography (Synchrotron facilities) on statistically relevant datasets from Pahvant 
Butte and Black Point, and possibly other Surtseyan volcanoes, along with the 3D 
characterization of microlites, would enhance better constraints on the shallow conduit 
conditions beneath Surtseyan systems. Furthermore, a characterization of bombs at Pahvant 
Butte and Black Point would be useful in two ways: (1) quantification of fluidal bombs and 
associate polylobate vesicles (µ-CT), in order to find evidences of magmatic fragmentation; 
(2) quantification of composite bombs, like those found at Surtsey (Schipper and White, 
2016), which seemed rather common at Pahvant Butte and Black Point at different scales 
(thin section to hand sample), but not analysed for this study. These pyroclasts with 
composite textures bring evidence of recycling episodes within the vent, particularly would 
confirm the mingling inferred between a water-saturated slurry and magma in flooded vents 
(Schipper and White, 2016). For what concerns the type-example of Surtseyan volcanism, 
Surtsey, plenty of work has been already carried out, with still some disagreement about the 
main mechanisms that characterised the 3.5 years of volcanic activity. The next step will be 
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the characterization of the fine ash, acquisition of 3D vesicle data from lapilli and bombs, and 
potentially permeability measurements. Moreover, accessibility to samples from the new drill 
cores (Jackson et al., 2015), would bring light on the extent of palagonitization that affected, 
and has been affecting Surtsey since its activity stopped in 1967. 
 Finally, regarding the bench-scale experiments conducted for this work, built on the 
strengths highlighted from my results, further work would be needed in terms of use of 
different gases like steam, which would fulfil the issues expected with condensability and 
temperature tackled in Chapter 5, besides conducting dimensional analyses for a proper 
scaling of the natural system. Test experiments using a steam generator are ongoing, and 
preliminary results showed that condensation may be that rapid to generate early density 
currents at the onset of the experiments. 
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Fig. 6.1. Simplified sketch (not to scale) of the model inferred for Pahvant Butte and Black Point. (1) Magma rises through a dike and the first hydromagmatic explosions take place in 
proximity of the thickness of lacustrine wet-sediments. (2) Hydromagmatic explosions continue as the magma rises through the wet sediments through irregular paths (Valentine and 
White, 2012). In deeper portions of the dike vesiculation is still limited, but as the magma rises bubbles grow until coalesce with other bubbles, and hydromagmatic explosions take 
place upper in the dike(s). As mentioned in the text, minor magmatic fragmentation near the more viscous dike’s margin (microlite-rich, Murtagh, 2011), is not excluded. (3) The 
eruption becomes subaerial, and while MFCI explosions continue at different depths, the tephra produced is transported by pyroclastic-fed density currents and/or by winds when an 
ash cloud is formed. At any time, MFCI explosions in the lacustrine wet sediments can contribute to enlarge and deepen the diatreme. 
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CHAPTER 7 CONCLUSION 
 
This PhD was designed to advance understanding of Surtseyan volcanism through 
new textural analyses of Surtseyan pyroclasts, geochemical analyses of layered ash sheets, 
and experiments with subaqueous particle-bearing explosions. To address the first two 
objectives, I acquired: (1) three-dimensional vesicle data using micro-tomography, (2) major-
element data for sideromelane glass in pyroclasts, (3) dissolved water-content data for 
sideromelane glass in pyroclasts. I also (4) drew inferences based on deposit characteristics 
(e.g., granulometry data, grading, sorting, presence of depositional structures). In addition, 
first of their kind experiments on weakly to moderately explosive subaqueous particle-bearing 
explosions were carried out for this PhD, which shed light on particle transport mechanisms 
during subaqueous bursts. Key findings from this research are summarised below. 
 
I. Three-dimensional vesicle data for the glass textures (sideromelane) and grain sizes 
(coarse ash-small lapilli) analysed for Pahvant Butte and Black Point suggest that 
multiple bubble nucleation/growth events were followed by bubble coalescence, which 
was at times intense. 
II. Glass major-element data for Black Point show compositional shifts through 
stratigraphy. These data, together with water-content data, permit correlation of mound 
deposits with medial deposits at Site A, but not with other ash-sheet sites (Sites B and 
C). Glass major-element data for Pahvant Butte show linear trends upsection, and this 
allows time-correlation of mound deposits (subaqueous phase of the eruption) with 
those of the medial ash sheet. Tuff cone deposits formed later in the eruption (subaerial 
phase of the eruption) do not seem to have correlative ash-sheet deposits, suggesting 
that during subaerial cone growth particles were wind-transported away from the 
sampled ash-sheet sites west and south of the volcano. 
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III. Mass-balance modelling for Pahvant Butte and Black Point indicates shallow 
crystallization of plagioclase and olivine, and deeper fractionation of clinopyroxene. 
This suggests magma ascent through a relatively simple plumbing system beneath each 
of these two Surtseyan volcanoes. 
IV. Magma compositional shifts at Black Point may have resulted from interactions 
between different batches of magma during ascent. At Pahvant Butte, geochemical 
variations may result from heterogeneities within the feeder dike, erupting more 
evolved magma first, and less evolved afterwards. 
V. Black Point ash-sheet deposits were formed by a combination of three main 
mechanisms: pyroclastic-fed density currents (Site A, Site B), breaching-water tephra 
jets falling back into the lake (Site A, Site B), and water fallout from an ash/lapilli rich 
cloud transported by winds (Site C). Pahvant Butte medial ash-sheet deposits were 
formed by exclusively pyroclastic-fed density currents, which travelled up to 25 km 
across the lake floor. 
VI. Hydromagmatic fragmentation is inferred to reflect the driving mechanism for 
explosivity in eruptions at Pahvant Butte and Black Point, based on new 3D vesicularity 
data, and as inferred by previous authors (Murtagh, 2011; Murtagh and White, 2013), 
based on ash particle morphometry analysis.  
VII. Experiments at bench scale, intended to mimic particle transport from discrete 
underwater volcanic explosions, highlight different particle behaviours in systems with 
dry particles (e.g., juvenile particles) versus systems with water-saturated particles (e.g., 
slurry surrounding the vent site). The former showed rather low coupling between the 
phases involved in the explosions (gas argon, tank water and particles), bringing to 
formation of sustained plumes with ballistic behaviour by larger particles; the latter 
showed higher coupling (including interstitial water), resulting in a wider particle 
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Appendix A. Laser diffraction specifics and granulometry data 
 Wet laser-diffraction analyses were performed with a Malvern Mastersizer 2000 
HydroG®. As instrument settings for volcanic ash I used a refractive index (i.e., RI) of 1.58 
and absorption coefficient of 0.1 for basaltic compositions (as suggested by Horwell, 2007). 
Samples were sieved through the 1000 µm (0 F) aperture size to ensure that grains greater 
than 2000 µm were not analysed. Each sample was first ultrasonicated and then measured 
three times (for 20 s per measurement) and an average was obtained. The results are obtained 
as vol% assuming that the particles are spherical. Obscuration was in the range 5-20%. For 
the selection of the representative portion from the bulk sample, no action was required for 
relatively homogeneous samples, however, for samples with a larger variability in grain size, 
a stirrer was used to mix the grains and remove every sort of internal grading due to 
kinematics sieving. This method allowed us to have a consistent degree of reproducibility of 
the analysis for such samples.  
 
A1. Pahvant Butte grain size specifics for medial site deposits 








0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
Dispersant 




1.33 1.33 1.33 1.33 1.33 1.33 1.33 1.33 1.33 1.33 
Start result 
channel size 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
Last result 
channel size 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 
Obscuration 18.35 20.19 18.41 17.37 14.29 6.48 16.44 7.29 10.11 5.68 
Residual 0.28 0.13 0.16 0.17 0.11 0.46 0.35 0.18 0.26 0.36 
Concentration 0.21 0.08 0.15 0.14 0.05 0.09 0.32 0.01 0.01 0.01 




Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume 




333.5 199.0 348.1 354.2 221.4 266.9 312.2 38.3 27.0 39.3 




surface area 0.0 0.1 0.0 0.0 0.1 0.0 0.0 0.2 0.2 0.1 




76.2 26.6 57.0 55.5 26.0 97.6 128.8 10.3 9.2 16.5 
d (0.1) 40.0 15.5 31.7 36.2 16.6 60.3 64.7 5.9 5.1 14.8 
d (0.5) 277.9 107.8 253.0 274.4 131.0 246.4 250.6 26.4 23.8 35.8 





          
0.010 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.011 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.013 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.015 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.020 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.023 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.026 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.030 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.035 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.040 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.046 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.052 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.060 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.069 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.079 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.091 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.105 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.120 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.138 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.158 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.182 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.209 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.240 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.275 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.316 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.363 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.417 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.479 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.139 0.160 0.079 
0.550 0.000 0.068 0.000 0.000 0.061 0.000 0.000 0.220 0.251 0.134 
0.631 0.000 0.098 0.000 0.000 0.095 0.000 0.000 0.292 0.333 0.184 
0.724 0.000 0.114 0.011 0.000 0.115 0.000 0.000 0.333 0.381 0.213 
0.832 0.000 0.120 0.031 0.019 0.130 0.000 0.000 0.355 0.409 0.228 
0.955 0.000 0.123 0.051 0.055 0.142 0.000 0.000 0.357 0.415 0.227 
1.096 0.000 0.120 0.059 0.066 0.151 0.000 0.000 0.348 0.410 0.213 
1.259 0.000 0.118 0.061 0.075 0.161 0.000 0.000 0.336 0.403 0.191 
1.445 0.000 0.119 0.059 0.082 0.174 0.000 0.000 0.332 0.407 0.169 
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1.660 0.052 0.126 0.064 0.093 0.191 0.000 0.000 0.342 0.429 0.151 
1.905 0.067 0.139 0.070 0.106 0.214 0.000 0.000 0.369 0.472 0.144 
2.188 0.074 0.157 0.079 0.121 0.239 0.064 0.000 0.414 0.536 0.151 
2.512 0.084 0.181 0.090 0.136 0.268 0.071 0.000 0.476 0.616 0.173 
2.884 0.094 0.210 0.103 0.152 0.299 0.082 0.000 0.557 0.709 0.209 
3.311 0.107 0.243 0.118 0.169 0.331 0.092 0.000 0.659 0.812 0.255 
3.802 0.121 0.282 0.135 0.186 0.365 0.104 0.021 0.786 0.919 0.304 
4.365 0.138 0.327 0.155 0.204 0.400 0.116 0.056 0.940 1.031 0.349 
5.012 0.158 0.379 0.177 0.223 0.437 0.129 0.066 1.126 1.150 0.382 
5.754 0.183 0.441 0.203 0.242 0.477 0.141 0.075 1.345 1.285 0.400 
6.607 0.212 0.516 0.233 0.264 0.521 0.153 0.079 1.603 1.453 0.407 
7.586 0.247 0.607 0.269 0.289 0.571 0.163 0.087 1.900 1.674 0.420 
8.710 0.289 0.720 0.314 0.319 0.629 0.173 0.094 2.245 1.979 0.471 
10.000 0.337 0.857 0.368 0.355 0.695 0.184 0.101 2.631 2.389 0.603 
11.482 0.394 1.024 0.436 0.398 0.775 0.196 0.109 3.069 2.936 0.879 
13.183 0.456 1.217 0.518 0.450 0.867 0.215 0.119 3.540 3.610 1.346 
15.136 0.528 1.442 0.619 0.513 0.976 0.245 0.135 4.049 4.414 2.065 
17.378 0.606 1.685 0.739 0.587 1.102 0.292 0.162 4.562 5.281 3.036 
19.953 0.694 1.945 0.879 0.674 1.250 0.360 0.207 5.066 6.156 4.254 
22.909 0.791 2.204 1.035 0.774 1.418 0.453 0.278 5.515 6.926 5.617 
26.303 0.897 2.450 1.208 0.888 1.611 0.571 0.383 5.877 7.498 7.018 
30.200 1.013 2.668 1.389 1.016 1.826 0.707 0.529 6.106 7.769 8.270 
34.674 1.138 2.847 1.574 1.157 2.064 0.853 0.721 6.170 7.676 9.208 
39.811 1.270 2.981 1.755 1.311 2.317 0.994 0.960 6.047 7.203 9.674 
45.709 1.406 3.069 1.927 1.475 2.581 1.118 1.243 5.734 6.385 9.577 
52.481 1.543 3.124 2.084 1.646 2.845 1.217 1.561 5.249 5.311 8.906 
60.256 1.678 3.160 2.223 1.821 3.097 1.294 1.904 4.632 4.109 7.747 
69.183 1.812 3.201 2.345 1.995 3.326 1.371 2.262 3.930 2.910 6.249 
79.433 1.948 3.267 2.451 2.166 3.521 1.487 2.620 3.206 1.832 4.622 
91.201 2.097 3.372 2.547 2.334 3.677 1.702 2.977 2.504 1.001 3.044 
104.713 2.272 3.515 2.639 2.502 3.789 2.077 3.326 1.875 0.301 1.707 
120.226 2.499 3.687 2.743 2.686 3.866 2.675 3.681 1.336 0.059 0.653 
138.038 2.798 3.857 2.872 2.898 3.917 3.513 4.045 0.914 0.000 0.071 
158.489 3.195 3.996 3.044 3.163 3.956 4.591 4.439 0.600 0.000 0.000 
181.970 3.688 4.068 3.268 3.487 3.992 5.803 4.854 0.394 0.000 0.000 
208.930 4.278 4.054 3.557 3.886 4.030 7.043 5.293 0.269 0.000 0.000 
239.883 4.913 3.946 3.896 4.333 4.064 8.095 5.715 0.207 0.000 0.000 
275.423 5.548 3.753 4.275 4.810 4.080 8.803 6.088 0.183 0.000 0.000 
316.228 6.092 3.504 4.650 5.254 4.056 9.004 6.346 0.176 0.000 0.000 
363.078 6.471 3.223 4.981 5.612 3.965 8.634 6.439 0.173 0.000 0.000 
416.869 6.607 2.936 5.206 5.814 3.787 7.733 6.317 0.162 0.000 0.000 
478.630 6.452 2.650 5.278 5.812 3.507 6.413 5.958 0.143 0.000 0.000 
549.541 6.001 2.368 5.159 5.578 3.132 4.886 5.373 0.111 0.000 0.000 
630.957 5.287 2.079 4.837 5.118 2.681 3.319 4.601 0.075 0.000 0.000 
APPENDICES 
 192 
724.436 4.388 1.779 4.334 4.473 2.192 1.972 3.719 0.022 0.000 0.000 
831.764 3.405 1.468 3.696 3.712 1.705 0.759 2.809 0.000 0.000 0.000 
954.993 2.445 1.157 2.989 2.914 1.257 0.133 1.958 0.000 0.000 0.000 
1096.478 1.601 0.863 2.289 2.160 0.877 0.000 1.234 0.000 0.000 0.000 
1258.925 0.930 0.603 1.653 1.503 0.576 0.000 0.676 0.000 0.000 0.000 
1445.440 0.469 0.393 1.121 0.980 0.355 0.000 0.308 0.000 0.000 0.000 
1659.587 0.167 0.239 0.703 0.590 0.190 0.000 0.057 0.000 0.000 0.000 
1905.461 0.058 0.108 0.355 0.288 0.085 0.000 0.015 0.000 0.000 0.000 
2187.762 0.000 0.028 0.079 0.063 0.023 0.000 0.000 0.000 0.000 0.000 
2511.886 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
2884.032 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
3311.311 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
3801.894 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
4365.158 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
5011.872 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
5754.399 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
6606.934 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
7585.776 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
8709.636 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
10000.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
 


































0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
Dispersant 












2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 
Obscuratio
n 10.89 15.25 12.65 12.72 12.87 22.44 11.76 13.92 15.51 14.1 13.46 14.34 
Residual 0.334 0.301 0.294 0.502 0.343 0.284 0.338 0.705 0.45 0.92 0.869 0.827 
Concentrati
on 0.1617 0.4996 0.2113 0.4486 0.2163 0.1702 0.1879 0.2855 0.2411 0.2238 0.1415 0.3929 




Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume 




153.012 329.822 177.989 299.053 234.649 117.535 141.209 457.577 424.335 484.169 421.73 607.578 




0.0222 0.0104 0.02 0.00956 0.0198 0.0448 0.0208 0.0161 0.0212 0.0204 0.0299 0.0121 




100.244 213.432 111.301 232.493 112.007 49.562 106.837 137.615 104.844 109.177 74.274 183.979 
d (0.1) 60.297 119.434 62.137 138.896 58.619 39.59 66.04 69.089 61.853 70.67 42.655 113.016 
d (0.5) 130.362 262.818 140.759 267.71 144.796 99.206 126.736 365.597 314.479 402.774 322.17 540.726 
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0.01             
0.011 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.013 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.015 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.020 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.023 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.026 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.030 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.035 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.040 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.046 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.052 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.060 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.069 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.079 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.091 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.105 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.120 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.138 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.158 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.182 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.209 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.240 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.275 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.316 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.363 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.417 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.479 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.550 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.631 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.724 0.000 0.000 0.000 0.000 0.000 0.039 0.000 0.000 0.000 0.000 0.000 0.000 
0.832 0.000 0.000 0.000 0.000 0.000 0.065 0.000 0.000 0.000 0.000 0.000 0.000 
0.955 0.000 0.000 0.000 0.000 0.000 0.068 0.000 0.000 0.000 0.000 0.000 0.000 
1.096 0.000 0.000 0.000 0.000 0.000 0.065 0.000 0.000 0.000 0.000 0.000 0.000 
1.259 0.000 0.000 0.000 0.000 0.000 0.066 0.000 0.000 0.000 0.000 0.037 0.000 
1.445 0.000 0.000 0.000 0.000 0.000 0.066 0.000 0.000 0.000 0.000 0.064 0.000 
1.660 0.000 0.000 0.000 0.000 0.000 0.067 0.000 0.000 0.000 0.000 0.067 0.000 
1.905 0.000 0.000 0.000 0.000 0.000 0.069 0.000 0.000 0.000 0.023 0.073 0.000 
2.188 0.000 0.000 0.000 0.000 0.000 0.072 0.000 0.000 0.019 0.063 0.080 0.000 
2.512 0.000 0.000 0.000 0.000 0.000 0.075 0.000 0.000 0.059 0.070 0.088 0.000 
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2.884 0.000 0.000 0.000 0.000 0.000 0.078 0.000 0.000 0.068 0.079 0.097 0.000 
3.311 0.000 0.000 0.000 0.000 0.000 0.080 0.000 0.000 0.079 0.087 0.106 0.010 
3.802 0.000 0.000 0.000 0.000 0.000 0.083 0.000 0.022 0.089 0.098 0.118 0.048 
4.365 0.000 0.000 0.000 0.000 0.000 0.087 0.000 0.059 0.103 0.109 0.131 0.066 
5.012 0.000 0.000 0.000 0.000 0.000 0.094 0.000 0.077 0.118 0.121 0.147 0.074 
5.754 0.000 0.000 0.000 0.000 0.000 0.104 0.000 0.088 0.136 0.136 0.168 0.082 
6.607 0.013 0.000 0.000 0.000 0.000 0.120 0.000 0.105 0.156 0.153 0.195 0.095 
7.586 0.079 0.000 0.000 0.000 0.008 0.141 0.000 0.122 0.180 0.172 0.229 0.109 
8.710 0.103 0.000 0.026 0.000 0.076 0.166 0.000 0.142 0.207 0.195 0.271 0.127 
10.000 0.141 0.000 0.084 0.000 0.090 0.194 0.066 0.164 0.238 0.222 0.321 0.146 
11.482 0.179 0.000 0.108 0.000 0.107 0.225 0.109 0.190 0.273 0.254 0.381 0.168 
13.183 0.208 0.000 0.128 0.000 0.116 0.258 0.149 0.218 0.312 0.288 0.446 0.189 
15.136 0.222 0.000 0.136 0.000 0.117 0.298 0.175 0.252 0.355 0.325 0.517 0.208 
17.378 0.213 0.045 0.132 0.000 0.114 0.353 0.167 0.292 0.401 0.363 0.589 0.222 
19.953 0.186 0.092 0.119 0.011 0.115 0.442 0.129 0.341 0.451 0.402 0.664 0.231 
22.909 0.154 0.109 0.113 0.030 0.140 0.589 0.033 0.400 0.504 0.440 0.740 0.235 
26.303 0.148 0.117 0.139 0.041 0.217 0.828 0.000 0.474 0.563 0.479 0.819 0.236 
30.200 0.212 0.110 0.235 0.051 0.378 1.192 0.000 0.565 0.629 0.523 0.905 0.240 
34.674 0.403 0.081 0.447 0.052 0.660 1.715 0.028 0.677 0.708 0.577 1.005 0.255 
39.811 0.776 0.029 0.818 0.044 1.093 2.412 0.348 0.810 0.804 0.650 1.126 0.291 
45.709 1.381 0.001 1.385 0.025 1.695 3.282 0.927 0.966 0.925 0.749 1.273 0.358 
52.481 2.237 0.065 2.161 0.000 2.461 4.291 1.849 1.145 1.080 0.883 1.449 0.465 
60.256 3.325 0.198 3.126 0.000 3.357 5.372 3.113 1.344 1.276 1.056 1.651 0.615 
69.183 4.586 0.482 4.229 0.047 4.326 6.435 4.666 1.561 1.518 1.267 1.874 0.806 
79.433 5.903 0.961 5.374 0.281 5.276 7.362 6.363 1.787 1.806 1.507 2.103 1.028 
91.201 7.153 1.664 6.460 0.775 6.121 8.050 8.030 2.022 2.137 1.767 2.326 1.268 
104.713 8.175 2.576 7.358 1.573 6.759 8.401 9.423 2.258 2.497 2.027 2.527 1.502 
120.226 8.862 3.672 7.985 2.713 7.130 8.373 10.356 2.500 2.879 2.279 2.705 1.719 
138.038 9.121 4.850 8.268 4.130 7.193 7.969 10.667 2.746 3.260 2.514 2.860 1.907 
158.489 8.934 6.032 8.195 5.756 6.957 7.231 10.305 3.010 3.635 2.742 3.007 2.072 
181.970 8.342 7.070 7.799 7.382 6.475 6.267 9.335 3.296 3.982 2.973 3.162 2.230 
208.930 7.407 7.881 7.128 8.855 5.806 5.156 7.877 3.622 4.303 3.240 3.352 2.420 
239.883 6.270 8.357 6.286 9.928 5.063 4.036 6.182 3.984 4.584 3.563 3.589 2.681 
275.423 5.023 8.468 5.339 10.473 4.314 2.968 4.432 4.393 4.832 3.972 3.890 3.064 
316.228 3.813 8.216 4.396 10.392 3.653 2.052 2.871 4.826 5.042 4.462 4.245 3.593 
363.078 2.708 7.644 3.498 9.693 3.111 1.306 1.589 5.266 5.216 5.022 4.642 4.285 
416.869 1.794 6.843 2.706 8.490 2.709 0.755 0.733 5.662 5.341 5.591 5.032 5.092 
478.630 1.074 5.894 2.025 6.936 2.422 0.390 0.080 5.967 5.400 6.098 5.362 5.950 
549.541 0.580 4.901 1.466 5.249 2.210 0.149 0.000 6.116 5.366 6.444 5.561 6.736 
630.957 0.215 3.932 1.016 3.608 2.026 0.043 0.000 6.061 5.212 6.547 5.571 7.329 
724.436 0.060 3.049 0.662 2.177 1.830 0.000 0.000 5.772 4.918 6.353 5.351 7.608 
831.764 0.000 2.283 0.401 1.043 1.601 0.000 0.000 5.253 4.480 5.855 4.896 7.501 
954.993 0.000 1.645 0.193 0.245 1.338 0.000 0.000 4.546 3.919 5.101 4.242 6.998 
1096.478 0.000 1.137 0.060 0.000 1.058 0.000 0.000 3.725 3.273 4.186 3.462 6.160 
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1258.925 0.000 0.744 0.000 0.000 0.783 0.000 0.000 2.870 2.588 3.216 2.641 5.089 
1445.440 0.000 0.456 0.000 0.000 0.539 0.000 0.000 2.067 1.920 2.300 1.872 3.913 
1659.587 0.000 0.259 0.000 0.000 0.346 0.000 0.000 1.363 1.305 1.503 1.211 2.739 
1905.461 0.000 0.110 0.000 0.000 0.164 0.000 0.000 0.712 0.697 0.779 0.621 1.493 
2187.762 0.000 0.028 0.000 0.000 0.044 0.000 0.000 0.161 0.160 0.176 0.139 0.347 
2511.886 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
2884.032 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
3311.311 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
3801.894 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
4365.158 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
5011.872 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
5754.399 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
6606.934 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
7585.776 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
8709.636 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
10000.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
 
Appendix B. Post-depositional deformation structures 
 Both Pahvant Butte and Black Point ash deposits present in some location evidence of 
post-depositional deformation. These may be related to seismic activity (earthquakes are 
common in the Basin and Range province), leading to formation of convoluted beds and/or 
formation of small scale fault/fold systems (none of these deposits were considered for the 





Fig. A1. Post-depositional structures found in ash deposits at Pahvant Butte (A, B) and Black Point (C, D). (A) 
Strongly convoluted beds overlying planar undeformed beds ~12 km S of Pahvant Butte (the structure is about 1 
m wide). (B) Normal faulting shifting upward in folding of ash beds at different grain sizes (~4 km SE of 
Pahvant Butte). (C) Strongly convoluted beds overlying planar undeformed beds at the top of the Wilson Creek 
Formation (hammer for scale). (D) Convoluted beds overlying planar undeformed beds ~15 km SE of Black 
Point (knife for scale). 
 
Appendix C. Additional geochemical data 
C1. Reference material used for glass standardization for Pahvant Butte and Black Point 
Element mineral USNM1 
Na Anorthite 137041 
Mg Olivine 111312/444 
Al Anorthite 137041 
Si Hornblende 143965 
P fs2   
S fs2   
K Microcline 143966 
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Ca Anorthite 137041 
Ti fs2   
Cr fs2   
Mn fs2   
Fe Hornblende 143965 
1Smithsonian microbeam standard 
2factory standard 
 
C2. Pahvant Butte glass major-element analysis 
LABEL SiO2 TiO2 Al2O3 FeO MnO SO3 MgO CaO Na2O K2O Cr2O3 P2O5 Total 
D3A2L1-
G1-g1 49.71 1.82 15.75 12.52 0.37 0.15 4.67 7.72 3.46 1.14 0.14 0.36 97.81 
D3A2L1-
G1-g2 50.26 1.86 15.89 12.75 0.24 0.08 4.69 7.98 3.37 1.18 0.00 0.36 98.66 
D3A2L1-
G1-g3 49.75 1.79 15.63 12.52 0.23 0.16 4.71 7.92 3.42 1.08 0.00 0.39 97.60 
D3A2L1-
G1-g4 50.37 1.64 15.73 12.70 0.09 0.20 4.67 7.96 3.30 1.10 0.00 0.37 98.13 
D3A2L1-
G1-g5 49.92 1.78 15.24 13.13 0.32 0.21 4.83 7.88 3.41 1.14 0.00 0.30 98.16 
D3A2L1-
G3-g1 50.18 1.84 15.40 12.51 0.22 0.00 4.78 7.97 3.39 1.15 0.00 0.28 97.72 
D3A2L1-
G3-g2 49.92 1.85 15.68 13.15 0.33 0.14 4.53 7.88 3.43 1.14 0.00 0.41 98.46 
D3A2L1-
G3-g3 49.47 1.81 15.60 13.20 0.22 0.18 4.41 7.69 3.56 1.24 0.00 0.41 97.79 
D3A2L1-
G3-g4 49.79 1.79 15.67 12.92 0.14 0.11 4.60 7.81 3.40 1.12 0.00 0.37 97.72 
D3A2L1-
G3-g5 49.69 1.82 15.67 12.81 0.24 0.18 4.67 7.93 3.38 1.08 0.00 0.39 97.86 
D3A2L1-
G4-g1 50.47 1.75 15.67 13.64 0.26 0.12 4.50 8.10 3.39 1.15 0.00 0.48 99.53 
D3A2L1-
G4-g2 49.73 1.79 15.48 12.49 0.31 0.29 4.60 7.90 3.57 1.15 0.00 0.27 97.58 
D3A2L1-
G4-g3 50.28 1.74 15.79 13.10 0.30 0.16 4.77 8.08 3.44 1.11 0.00 0.39 99.16 
D3A2L1-
G4-g4 50.35 1.79 15.84 12.67 0.22 0.13 4.58 7.93 3.49 1.12 0.00 0.45 98.57 
D3A2L1-
G4-g5 49.27 1.67 15.41 12.35 0.22 0.13 4.62 7.77 3.41 1.06 0.00 0.33 96.24 
D3A2L4-
G1-g1 49.58 1.89 16.12 12.12 0.29 0.20 5.11 8.13 3.27 1.05 0.00 0.43 98.19 
D3A2L4-
G1-g2 50.00 1.82 15.86 12.12 0.00 0.10 5.13 8.25 3.32 1.08 0.09 0.43 98.20 
D3A2L4-
G1-g3 49.57 1.72 15.76 12.41 0.20 0.11 5.01 8.22 3.32 1.11 0.00 0.20 97.63 
D3A2L4-
G1-g4 50.28 1.83 16.21 12.95 0.19 0.16 5.36 7.75 3.42 1.02 0.00 0.48 99.65 
D3A2L4-
G1-g5 49.45 1.67 15.92 12.34 0.27 0.13 5.08 8.22 3.29 1.02 0.00 0.35 97.74 
D3A2L4-
G2-g1 50.14 1.90 15.88 12.06 0.26 0.16 5.07 8.28 3.39 1.05 0.00 0.42 98.61 
D3A2L4-
G2-g2 49.83 1.49 16.03 12.21 0.17 0.28 4.97 8.31 3.33 1.08 0.00 0.29 97.99 
D3A2L4-
G2-g3 49.88 1.87 16.00 12.34 0.23 0.09 5.15 8.08 3.35 1.06 0.00 0.38 98.43 
D3A2L4-
G2-g4 49.93 1.76 15.87 12.14 0.28 0.14 5.01 8.26 3.24 1.04 0.00 0.40 98.07 
D3A2L4-
G2-g5 50.05 1.72 15.99 12.28 0.24 0.09 5.10 8.48 3.36 1.07 0.00 0.34 98.72 
D3A2L4-
G3-g1 49.74 1.77 15.94 12.15 0.27 0.23 4.98 8.14 3.46 1.06 0.00 0.29 98.03 
D3A2L4-
G3-g2 50.02 1.71 15.99 12.58 0.21 0.11 4.98 8.17 3.33 1.10 0.00 0.28 98.48 
D3A2L4-
G3-g3 49.83 1.78 15.87 12.16 0.14 0.11 4.94 8.19 3.32 1.04 0.00 0.36 97.74 
D3A2L4-
G3-g4 49.87 1.75 16.00 12.31 0.30 0.21 5.12 8.28 3.27 1.05 0.00 0.33 98.49 
D3A2L4-
G3-g5 50.11 1.83 15.86 12.42 0.19 0.08 4.95 8.27 3.32 1.10 0.00 0.31 98.44 
D3A2L6-
G1-g1 49.46 1.77 15.84 12.36 0.00 0.16 5.11 8.16 3.31 1.08 0.00 0.33 97.58 
D3A2L6-
G1-g2 49.37 1.78 15.78 11.98 0.22 0.16 5.12 8.16 3.17 1.09 0.00 0.32 97.15 
D3A2L6-




G1-g4 49.45 1.80 15.90 12.11 0.21 0.10 5.00 8.12 3.38 1.04 0.00 0.37 97.48 
D3A2L6-
G1-g5 49.47 1.97 16.01 12.13 0.24 0.12 5.00 8.09 3.28 1.04 0.09 0.41 97.85 
D3A2L6-
G2-g1 49.60 1.77 16.11 12.15 0.31 0.28 5.13 8.09 3.22 1.03 0.00 0.38 98.07 
D3A2L6-
G2-g2 49.32 1.80 15.73 12.35 0.27 0.27 5.03 8.17 3.33 1.02 0.00 0.36 97.65 
D3A2L6-
G2-g3 49.50 1.76 15.57 12.48 0.19 0.36 4.98 8.17 3.35 1.08 0.10 0.32 97.86 
D3A2L6-
G2-g4 49.23 1.71 15.92 11.93 0.28 0.10 5.04 8.08 3.23 1.04 0.00 0.40 96.96 
D3A2L6-
G2-g5 49.16 1.72 15.58 11.57 0.22 0.10 5.08 7.98 3.30 1.06 0.00 0.26 96.03 
D3A2L6-
G3-g1 49.54 1.74 15.96 11.78 0.23 0.26 5.05 8.12 3.25 1.09 0.00 0.34 97.36 
D3A2L6-
G3-g2 49.80 1.73 15.89 11.86 0.14 0.19 5.01 8.13 3.30 1.07 0.00 0.36 97.48 
D3A2L6-
G3-g3 49.28 1.80 15.83 12.10 0.09 0.28 4.94 8.26 3.32 1.00 0.00 0.33 97.23 
D3A2L6-
G3-g4 49.37 1.80 15.85 12.17 0.16 0.14 5.07 8.14 3.34 1.09 0.00 0.39 97.52 
D3A2L6-
G3-g5 49.41 1.72 15.87 11.96 0.30 0.18 5.00 8.24 3.34 1.03 0.00 0.28 97.33 
D3A2L7-
G1-g1 50.08 1.81 15.98 12.42 0.14 0.28 5.18 8.27 3.25 1.03 0.00 0.36 98.80 
D3A2L7-
G1-g2 49.02 1.73 15.61 11.94 0.15 0.10 5.00 8.36 3.29 1.00 0.00 0.44 96.64 
D3A2L7-
G1-g3 50.10 1.87 16.10 12.25 0.21 0.13 5.17 8.22 3.28 1.10 0.00 0.38 98.81 
D3A2L7-
G1-g4 50.03 1.91 16.10 12.02 0.15 0.13 5.17 8.13 3.30 1.07 0.00 0.38 98.39 
D3A2L7-
G1-g5 49.80 1.88 15.96 11.94 0.28 0.00 5.10 8.26 3.29 1.08 0.00 0.36 97.95 
D3A2L7-
G5-g1 49.20 1.71 15.68 12.23 0.19 0.22 5.11 8.26 3.33 1.06 0.14 0.38 97.51 
D3A2L7-
G5-g2 49.59 1.79 16.14 12.15 0.13 0.26 5.15 8.35 3.31 1.05 0.00 0.33 98.25 
D3A2L7-
G5-g3 49.65 1.79 15.85 11.98 0.29 0.19 5.10 8.10 3.24 1.05 0.00 0.39 97.63 
D3A2L7-
G5-g4 49.65 1.69 15.88 12.49 0.19 0.22 5.17 8.34 3.35 1.06 0.00 0.26 98.30 
D3A2L7-
G5-g5 49.73 1.87 15.65 12.35 0.21 0.27 5.20 8.20 3.32 1.08 0.00 0.31 98.19 
D3A2L10-
G1-g1 49.95 2.02 15.88 12.31 0.14 0.15 5.20 8.18 3.63 1.12 0.00 0.28 98.86 
D3A2L10-
G1-g2 49.62 1.75 15.64 12.67 0.26 0.21 5.10 8.30 3.67 1.10 0.00 0.33 98.65 
D3A2L10-
G1-g3 50.12 1.85 15.82 12.18 0.26 0.20 5.15 8.21 3.77 1.10 0.00 0.37 99.03 
D3A2L10-
G1-g4 50.04 1.90 15.81 12.34 0.28 0.15 5.19 8.38 3.65 1.05 0.00 0.36 99.15 
D3A2L10-
G1-g5 49.62 1.73 15.63 12.34 0.28 0.14 5.20 8.26 3.58 1.16 0.00 0.35 98.29 
D3A2L10-
G2-g1 49.83 1.83 15.77 12.24 0.22 0.13 5.04 8.36 3.67 1.10 0.00 0.30 98.49 
D3A2L10-
G2-g2 49.72 1.85 15.82 12.29 0.21 0.10 5.11 8.23 3.60 1.09 0.10 0.42 98.54 
D3A2L10-
G2-g3 49.95 1.87 16.04 12.51 0.25 0.18 5.18 8.18 3.73 1.09 0.00 0.41 99.39 
D3A2L10-
G2-g4 49.85 1.77 15.98 12.73 0.22 0.00 4.99 8.25 3.66 1.13 0.00 0.51 99.09 
D3A2L10-
G2-g5 50.02 1.87 15.83 12.58 0.36 0.18 5.11 8.31 3.76 1.15 0.00 0.34 99.51 
D3A2L10-
G3-g1 50.46 1.73 15.78 12.50 0.14 0.10 5.06 8.36 3.76 1.06 0.00 0.28 99.23 
D3A2L10-
G3-g2 49.83 1.82 15.77 12.09 0.10 0.14 5.13 8.30 3.72 1.08 0.00 0.41 98.39 
D3A2L10-
G3-g3 50.05 1.73 15.82 12.39 0.27 0.23 5.24 8.29 3.75 1.12 0.00 0.34 99.23 
D3A2L10-
G3-g4 50.10 1.88 15.91 12.50 0.18 0.16 5.08 8.24 3.66 1.05 0.14 0.33 99.23 
D3A2L10-
G3-g5 50.13 1.73 15.91 12.13 0.22 0.16 5.11 8.39 3.69 1.07 0.00 0.35 98.89 
D3A2L12-
G1-g1 49.68 1.89 16.84 12.37 0.09 0.27 5.40 8.45 3.48 1.23 0.00 0.60 100.30 
D3A2L12-
G1-g2 48.51 1.83 16.25 11.98 0.11 0.32 5.21 8.36 3.25 1.23 0.00 0.57 97.62 
D3A2L12-
G1-g3 49.35 1.81 16.40 12.12 0.00 0.27 5.35 8.41 3.51 1.28 0.24 0.58 99.32 
D3A2L12-
G1-g4 48.80 1.83 16.09 12.19 0.14 0.00 5.23 8.36 3.31 1.26 0.00 0.49 97.70 
D3A2L12-
G2-g1 48.80 1.94 15.80 12.12 0.09 0.21 5.11 8.59 3.35 1.17 0.00 0.62 97.80 
D3A2L12-
G2-g2 48.97 1.98 15.98 11.98 0.00 0.00 5.35 8.28 3.36 1.29 0.00 0.56 97.75 
D3A2L12-




G2-g4 49.12 1.85 16.12 11.99 0.09 0.19 5.41 8.62 3.37 1.25 0.00 0.53 98.54 
D3A2L12-
G2-g5 49.14 1.78 16.36 12.47 0.11 0.21 5.22 8.56 3.43 1.21 0.00 0.47 98.96 
D3A2L12-
G3-g1 48.78 1.77 16.18 12.07 0.00 0.24 5.26 8.24 3.41 1.15 0.00 0.44 97.54 
D3A2L12-
G3-g2 49.26 1.78 16.18 11.94 0.00 0.37 5.38 8.50 3.39 1.31 0.00 0.55 98.66 
D3A2L12-
G3-g3 49.06 1.83 16.52 12.27 0.09 0.27 5.37 8.58 3.38 1.26 0.00 0.48 99.11 
D3A2L12-
G3-g4 47.39 1.77 16.15 12.15 0.00 0.27 5.25 8.42 3.37 1.27 0.00 0.48 96.52 
D3A2L12-
G4-g1 48.95 1.72 15.97 12.48 0.09 0.23 5.28 8.36 3.35 1.25 0.00 0.47 98.15 
D3A2L12-
G4-g2 49.22 1.74 16.24 12.03 0.11 0.23 5.38 8.29 3.36 1.25 0.00 0.54 98.39 
D3A2L12-
G4-g3 48.87 1.79 16.08 11.79 0.12 0.34 5.22 8.29 3.45 1.27 0.19 0.46 97.87 
D3A2L12-
G4-g4 48.18 1.72 16.20 11.98 0.00 0.00 5.26 8.37 3.29 1.25 0.00 0.57 96.82 
D3A2L12-
G4-g5 48.31 1.62 15.95 11.89 0.09 0.00 5.19 8.41 3.27 1.32 0.00 0.52 96.57 
D3A2L12-
G5-g1 49.74 1.78 16.62 12.08 0.09 0.28 5.51 8.57 3.42 1.24 0.00 0.53 99.86 
D3A2L12-
G5-g2 47.72 1.70 16.07 12.14 0.09 0.47 5.33 8.36 3.35 1.23 0.00 0.57 97.03 
D3A2L12-
G5-g3 48.05 1.89 16.03 11.78 0.00 0.31 5.05 8.05 3.24 1.22 0.21 0.56 96.39 
D3A2L12-
G5-g4 47.84 1.84 15.99 12.02 0.09 0.24 5.26 8.22 3.42 1.23 0.00 0.51 96.66 
D3A2L12-
G5-g5 49.20 1.80 16.30 12.29 0.00 0.19 5.36 8.44 3.56 1.29 0.00 0.56 98.99 
D7C1-G1-
g1 49.39 2.01 15.99 11.87 0.19 0.00 5.53 8.46 3.27 0.95 0.00 0.44 97.66 
D7C1-G1-
g2 49.58 1.99 16.17 11.43 0.14 0.15 5.59 8.63 3.27 0.99 0.00 0.48 97.94 
D7C1-G1-
g3 50.43 2.03 16.35 11.68 0.27 0.17 5.56 8.66 3.30 1.13 0.08 0.43 99.66 
D7C1-G1-
g4 50.85 1.86 16.33 11.45 0.28 0.17 5.62 8.61 3.31 1.08 0.00 0.33 99.56 
D7C1-G1-
g5 50.94 1.93 16.42 11.67 0.17 0.20 5.61 8.77 3.24 1.04 0.00 0.43 99.99 
D7C1-G2-
g1 50.15 1.90 16.20 11.61 0.20 0.11 5.54 8.56 3.20 0.99 0.00 0.42 98.46 
D7C1-G2-
g2 50.11 1.89 16.21 11.63 0.18 0.16 5.66 8.58 3.14 1.04 0.00 0.41 98.60 
D7C1-G2-
g3 50.18 1.94 16.26 11.81 0.39 0.13 5.59 8.62 3.24 1.00 0.00 0.45 99.16 
D7C1-G2-
g4 50.68 1.96 16.43 11.55 0.19 0.20 5.49 8.75 3.20 1.05 0.00 0.47 99.50 
D7C1-G2-
g5 50.25 1.97 16.52 11.72 0.15 0.10 5.49 8.58 3.25 1.03 0.00 0.42 99.06 
D7C1-G3-
g1 49.34 2.16 16.01 11.72 0.15 0.11 5.42 8.45 3.14 0.96 0.00 0.39 97.46 
D7C1-G3-
g2 49.77 1.90 16.08 11.78 0.13 0.11 5.47 8.50 3.20 1.04 0.00 0.40 97.98 
D7C1-G3-
g3 49.72 1.89 16.18 11.65 0.23 0.08 5.51 8.57 3.35 0.99 0.09 0.43 98.26 
D7C1-G3-
g4 50.18 2.07 16.38 11.47 0.09 0.15 5.38 8.63 3.27 1.03 0.00 0.37 98.65 
D7C1-G3-
g5 49.78 1.88 16.29 11.57 0.32 0.19 5.52 8.57 3.20 1.02 0.00 0.40 98.34 
D7C1-G4-
g2 49.17 1.97 15.69 11.49 0.19 0.09 5.35 8.47 3.17 0.98 0.00 0.39 96.57 
D7C1-G4-
g3 49.99 2.08 16.06 11.39 0.32 0.18 5.46 8.54 3.27 1.06 0.00 0.38 98.35 
D7C1-G4-
g4 49.46 1.88 15.87 11.82 0.28 0.11 5.63 8.44 3.25 1.06 0.00 0.41 97.80 
D7C1-G4-
g5 49.55 1.77 15.94 11.91 0.16 0.22 5.31 8.64 3.12 1.10 0.00 0.39 97.72 
D7C1-G4-
g6 48.89 1.81 15.84 11.44 0.30 0.15 5.47 8.44 3.25 0.99 0.00 0.32 96.58 
D7C2L2-
G1-g1 51.32 2.02 16.60 11.58 0.30 0.17 5.58 8.54 2.71 1.00 0.00 0.41 99.82 
D7C2L2-
G1-g2 51.23 1.99 16.37 11.52 0.18 0.14 5.73 8.69 2.74 0.89 0.00 0.34 99.48 
D7C2L2-
G1-g3 51.34 1.88 16.44 11.65 0.22 0.17 5.60 8.89 2.76 1.05 0.00 0.38 100.00 
D7C2L2-
G1-g4 51.37 1.96 16.69 11.53 0.14 0.17 5.65 8.75 2.78 1.04 0.00 0.43 100.08 
D7C2L2-
G1-g5 51.49 1.88 16.54 11.33 0.13 0.21 5.72 8.78 2.79 0.99 0.00 0.42 99.86 
D7C2L2-
G2-g1 50.96 1.81 16.66 11.49 0.35 0.19 5.71 8.82 2.73 1.00 0.15 0.37 99.87 
D7C2L2-
G2-g2 51.26 2.06 16.41 11.71 0.30 0.18 5.73 8.70 2.83 1.02 0.00 0.37 100.20 
D7C2L2-




G2-g4 51.19 1.92 16.49 11.62 0.26 0.26 5.76 8.83 2.87 0.97 0.00 0.39 100.17 
D7C2L2-
G2-g5 51.18 2.03 16.45 11.63 0.20 0.11 5.67 8.81 2.83 1.08 0.00 0.40 99.99 
D7C2L2-
G2A-g1 50.90 1.99 16.28 11.34 0.26 0.15 5.70 8.76 2.86 1.04 0.14 0.42 99.42 
D7C2L2-
G2A-g2 50.80 1.89 16.57 11.57 0.29 0.20 5.62 8.65 2.88 1.02 0.00 0.47 99.49 
D7C2L2-
G2A-g3 50.58 1.99 16.30 11.81 0.14 0.11 5.71 8.61 2.75 1.05 0.00 0.32 99.05 
D7C2L2-
G2A-g4 50.86 1.82 16.31 11.43 0.22 0.22 5.75 8.65 2.77 1.05 0.00 0.47 99.08 
D7C2L2-
G2A-g5 50.59 1.99 16.33 11.64 0.28 0.16 5.70 8.75 2.83 0.93 0.00 0.40 99.20 
D7C2L2-
G3-g1 49.99 1.95 16.19 11.64 0.13 0.19 5.60 8.51 3.20 1.04 0.09 0.51 98.53 
D7C2L2-
G3-g2 50.13 2.00 16.05 11.62 0.24 0.30 5.70 8.54 3.32 1.00 0.00 0.32 98.90 
D7C2L2-
G3-g3 49.90 1.93 15.99 11.57 0.20 0.19 5.67 8.64 3.19 1.04 0.00 0.37 98.32 
D7C2L2-
G3-g4 50.15 1.88 16.35 11.59 0.21 0.22 5.65 8.58 3.23 1.04 0.00 0.39 98.90 
D7C2L2-
G3-g5 50.40 1.87 16.23 11.38 0.18 0.18 5.62 8.47 3.19 1.07 0.00 0.34 98.59 
D7C2L3-
G1-g1 50.17 1.92 16.27 11.55 0.22 0.00 5.62 8.74 3.36 1.00 0.00 0.36 98.85 
D7C2L3-
G1-g2 50.24 2.01 16.12 11.43 0.13 0.00 5.76 8.85 3.21 1.07 0.00 0.33 98.82 
D7C2L3-
G1-g3 50.18 2.00 16.17 11.62 0.18 0.13 5.77 8.61 3.12 1.01 0.10 0.43 98.89 
D7C2L3-
G1-g4 50.21 2.02 16.23 11.85 0.21 0.14 5.73 8.73 3.16 1.00 0.00 0.39 99.28 
D7C2L3-
G1-g5 50.57 2.02 16.41 11.41 0.28 0.18 5.66 8.60 3.24 0.98 0.00 0.43 99.35 
D7C2L3-
G2-g1 49.60 2.05 16.03 11.49 0.19 0.15 5.58 8.60 2.90 0.97 0.00 0.34 97.56 
D7C2L3-
G2-g2 49.78 2.00 15.78 11.44 0.27 0.14 5.51 8.75 2.88 1.04 0.00 0.49 97.59 
D7C2L3-
G2-g3 50.18 1.93 16.25 11.64 0.16 0.11 5.63 8.62 2.81 0.96 0.00 0.37 98.29 
D7C2L3-
G2-g4 50.32 1.96 16.38 11.52 0.19 0.00 5.57 8.54 2.76 1.03 0.00 0.33 98.27 
D7C2L3-
G2-g5 49.86 2.03 16.11 11.33 0.35 0.09 5.57 8.55 2.83 1.00 0.17 0.44 97.89 
D7C2L3-
G2A-g1 50.14 1.92 16.12 11.37 0.22 0.15 5.53 8.55 2.78 1.01 0.00 0.44 97.79 
D7C2L3-
G2A-g2 50.13 1.94 16.29 11.24 0.21 0.23 5.61 8.68 2.70 0.93 0.00 0.42 97.96 
D7C2L3-
G2A-g3 50.12 2.01 16.16 11.40 0.19 0.11 5.39 8.64 2.81 1.01 0.00 0.44 97.84 
D7C2L3-
G2A-g4 50.44 1.98 16.12 11.31 0.15 0.10 5.61 8.75 2.73 1.05 0.00 0.43 98.24 
D7C2L3-
G2A-g5 50.06 2.03 16.04 11.31 0.15 0.15 5.54 8.57 2.82 1.03 0.00 0.45 97.70 
D7C2L3-
G3-g1 50.45 2.10 16.17 11.47 0.24 0.16 5.62 8.64 2.74 0.99 0.00 0.44 98.58 
D7C2L3-
G3-g2 50.21 2.08 16.03 11.37 0.17 0.16 5.76 8.58 2.75 0.98 0.00 0.43 98.09 
D7C2L3-
G3-g3 50.23 2.08 16.29 11.35 0.22 0.08 5.54 8.53 2.72 0.99 0.00 0.50 98.03 
D7C2L3-
G3-g4 50.29 2.08 16.18 11.27 0.22 0.29 5.51 8.52 2.80 1.06 0.00 0.41 98.22 
D7C2L3-
G3-g5 50.37 2.01 16.05 11.34 0.25 0.14 5.57 8.58 2.81 0.98 0.00 0.45 98.10 
D7C2L4-
G1-g1 50.05 2.01 16.21 11.20 0.19 0.11 5.49 8.58 2.79 0.99 0.00 0.43 97.62 
D7C2L4-
G1-g2 50.23 1.80 16.11 11.21 0.30 0.13 5.54 8.41 2.82 1.01 0.00 0.34 97.56 
D7C2L4-
G1-g3 49.85 1.99 16.15 11.20 0.20 0.20 5.62 8.49 2.90 1.00 0.00 0.39 97.60 
D7C2L4-
G1-g4 50.04 2.01 16.06 11.42 0.24 0.17 5.53 8.60 2.83 0.99 0.00 0.48 97.89 
D7C2L4-
G1-g5 49.86 2.02 16.10 11.51 0.14 0.21 5.58 8.45 2.83 0.97 0.00 0.36 97.67 
D7C2L4-
G2-g1 49.46 1.85 16.04 11.13 0.25 0.16 5.57 8.34 2.87 0.94 0.00 0.44 96.61 
D7C2L4-
G2-g2 49.54 1.82 16.13 11.35 0.21 0.19 5.61 8.39 2.72 1.00 0.00 0.34 96.96 
D7C2L4-
G2-g3 49.57 1.90 16.04 11.18 0.23 0.20 5.60 8.53 2.76 0.99 0.21 0.42 97.21 
D7C2L4-
G2-g4 49.67 2.05 16.04 11.12 0.34 0.10 5.54 8.44 2.75 0.97 0.00 0.29 97.02 
D7C2L4-
G2-g5 49.84 2.00 15.99 10.86 0.14 0.20 5.57 8.42 2.79 1.02 0.00 0.41 96.83 
D7C2L4-
G3-g1 49.31 1.80 15.83 10.93 0.29 0.18 5.52 8.55 3.14 0.95 0.00 0.33 96.50 
D7C2L4-




G3-g3 49.02 1.95 15.97 11.38 0.20 0.22 5.57 8.52 3.12 0.98 0.00 0.37 96.93 
D7C2L4-
G3-g4 49.38 1.87 15.91 11.24 0.15 0.08 5.65 8.53 3.19 1.00 0.00 0.37 97.00 
D7C2L4-
G3-g5 49.13 1.69 15.65 11.35 0.18 0.23 5.55 8.47 3.12 0.97 0.00 0.45 96.34 
D7C2L4-
G4-g1 50.23 2.07 16.17 11.59 0.36 0.15 5.65 8.59 2.80 0.99 0.11 0.44 98.71 
D7C2L4-
G4-g2 49.93 2.10 16.23 11.38 0.23 0.17 5.59 8.50 2.77 1.06 0.00 0.41 97.96 
D7C2L4-
G4-g3 49.79 2.01 16.07 11.16 0.29 0.24 5.62 8.59 2.80 0.95 0.00 0.41 97.52 
D7C2L4-
G4-g4 49.77 1.99 16.08 11.11 0.26 0.20 5.61 8.50 2.80 0.98 0.00 0.39 97.30 
D7C2L4-
G4-g5 49.97 2.02 16.34 11.35 0.26 0.24 5.66 8.46 2.94 0.98 0.00 0.36 98.22 
D7C2L5-
G1-g1 51.21 1.71 18.32 8.55 0.21 0.00 5.44 7.71 3.12 1.08 0.00 0.31 97.35 
D7C2L5-
G1-g2 50.50 1.64 18.38 8.80 0.10 0.08 5.43 7.76 3.26 1.08 0.00 0.28 97.03 
D7C2L5-
G1-g3 51.08 1.58 18.54 8.58 0.18 0.00 5.59 7.86 3.18 1.16 0.00 0.37 97.75 
D7C2L5-
G1-g4 51.20 1.62 18.30 8.87 0.00 0.00 5.46 7.54 3.04 1.11 0.09 0.21 97.23 
D7C2L5-
G1-g5 51.13 1.64 18.20 8.85 0.16 0.00 5.53 7.64 3.21 1.14 0.00 0.27 97.50 
D7C2L5-
G2-g1 50.00 1.82 16.19 11.34 0.15 0.09 5.61 8.43 2.76 1.01 0.00 0.45 97.40 
D7C2L5-
G2-g2 49.95 1.77 16.19 11.25 0.20 0.00 5.49 8.58 2.75 0.99 0.00 0.50 97.17 
D7C2L5-
G2-g3 49.63 1.91 15.95 11.24 0.18 0.15 5.59 8.47 2.78 1.00 0.00 0.46 96.90 
D7C2L5-
G2-g4 49.79 2.05 16.01 11.26 0.26 0.19 5.73 8.51 2.74 0.93 0.00 0.46 97.47 
D7C2L5-
G2-g5 50.14 2.03 16.08 11.18 0.17 0.00 5.63 8.47 2.78 0.96 0.00 0.47 97.44 
D7C2L5-
G3-g1 50.21 1.95 16.27 11.40 0.31 0.24 5.79 8.66 3.12 1.05 0.00 0.38 99.00 
D7C2L5-
G3-g2 49.91 1.96 16.24 11.68 0.27 0.25 5.66 8.71 3.15 0.97 0.00 0.32 98.80 
D7C2L5-
G3-g3 50.06 1.99 16.38 11.50 0.20 0.17 5.53 8.78 3.07 1.02 0.13 0.45 98.83 
D7C2L5-
G3-g4 50.26 2.07 16.16 11.52 0.14 0.24 5.65 8.63 3.04 1.02 0.00 0.40 98.73 
D7C2L5-
G3-g5 50.19 1.91 16.12 11.73 0.27 0.25 5.68 8.68 3.03 0.97 0.00 0.30 98.83 
D7C2L5-
G3A-g1 50.68 1.98 16.31 11.66 0.12 0.09 5.80 8.67 3.17 1.06 0.00 0.39 99.54 
D7C2L5-
G3A-g2 50.27 1.98 16.15 11.57 0.19 0.21 5.69 8.78 3.21 1.01 0.00 0.22 99.06 
D7C2L5-
G3A-g3 49.99 2.04 16.20 11.47 0.18 0.13 5.77 8.67 3.24 1.03 0.00 0.53 98.72 
D7C2L5-
G3A-g4 50.12 1.87 16.35 11.67 0.29 0.10 5.74 8.54 3.24 0.99 0.00 0.38 98.91 
D7C2L5-
G3A-g5 50.13 2.11 16.23 11.44 0.20 0.22 5.68 8.57 3.13 0.98 0.10 0.36 98.79 
D6A1L1-
G1-g1 50.99 1.97 15.09 13.56 0.21 0.24 4.26 7.60 3.33 1.18 0.00 0.36 98.79 
D6A1L1-
G1-g2 51.07 1.98 15.09 13.41 0.23 0.26 4.28 7.67 3.45 1.20 0.00 0.47 99.11 
D6A1L1-
G1-g3 50.85 1.94 15.19 13.77 0.21 0.16 4.24 7.67 3.55 1.16 0.00 0.42 99.16 
D6A1L1-
G1-g4 50.58 1.91 15.24 13.61 0.27 0.27 4.22 7.59 3.37 1.23 0.00 0.44 98.73 
D6A1L1-
G1-g5 50.72 1.94 15.02 13.62 0.22 0.20 4.34 7.73 3.31 1.21 0.00 0.40 98.71 
D6A1L1-
G6-g1 51.76 1.99 14.97 12.85 0.28 0.08 3.99 7.64 3.31 1.24 0.00 0.32 98.43 
D6A1L1-
G6-g2 51.64 1.99 14.97 13.36 0.24 0.18 4.08 7.43 3.38 1.26 0.00 0.37 98.90 
D6A1L1-
G6-g3 51.38 1.91 15.14 13.10 0.20 0.25 3.92 7.45 3.31 1.35 0.00 0.37 98.38 
D6A1L1-
G6-g4 50.71 1.75 14.91 13.06 0.27 0.26 3.93 7.34 3.40 1.20 0.00 0.53 97.36 
D6A1L1-
G6-g5 51.25 1.94 15.02 12.93 0.24 0.16 3.94 7.50 3.43 1.19 0.00 0.39 97.99 
D6A1L1-
G7-g1 50.83 1.92 15.30 13.22 0.22 0.20 4.17 7.65 3.39 1.22 0.00 0.35 98.47 
D6A1L1-
G7-g2 51.06 2.02 15.13 13.40 0.22 0.12 4.18 7.50 3.33 1.24 0.09 0.47 98.76 
D6A1L1-
G7-g3 50.78 1.98 15.03 13.38 0.23 0.19 4.21 7.58 3.29 1.26 0.00 0.44 98.37 
D6A1L1-
G7-g4 50.44 1.83 14.93 13.38 0.29 0.17 4.14 7.55 3.22 1.17 0.00 0.49 97.61 
D6A1L1-
G7-g5 50.65 2.00 15.06 13.41 0.28 0.15 4.14 7.48 3.37 1.16 0.00 0.36 98.06 
D6A1L3-




G1-g2 50.35 1.80 15.26 12.47 0.20 0.27 4.46 7.53 3.07 1.13 0.00 0.43 96.97 
D6A1L3-
G1-g3 50.51 1.82 15.48 12.34 0.31 0.16 4.50 7.62 3.01 1.15 0.00 0.25 97.15 
D6A1L3-
G1-g4 50.11 1.76 15.46 12.24 0.16 0.14 4.50 7.83 3.15 1.16 0.00 0.40 96.91 
D6A1L3-
G1-g5 50.05 1.75 15.51 12.36 0.37 0.17 4.42 7.70 3.10 1.10 0.00 0.37 96.90 
D6A1L3-
G3-g1 50.08 1.91 15.49 13.01 0.29 0.16 4.55 7.67 3.45 1.12 0.00 0.41 98.14 
D6A1L3-
G3-g2 50.35 1.86 15.69 13.08 0.15 0.09 4.60 7.74 3.19 1.11 0.00 0.39 98.25 
D6A1L3-
G3-g3 50.53 1.81 15.07 13.09 0.24 0.31 4.38 7.59 3.46 1.21 0.00 0.33 98.02 
D6A1L3-
G3-g4 50.06 1.80 15.70 12.87 0.31 0.18 4.64 7.97 3.28 1.11 0.00 0.34 98.26 
D6A1L3-
G3-g5 50.18 1.78 15.62 12.71 0.25 0.13 4.69 7.82 3.45 1.10 0.00 0.50 98.23 
D6A1L3-
G4-g1 49.90 1.90 15.33 12.81 0.23 0.09 4.48 7.69 3.44 1.19 0.00 0.33 97.39 
D6A1L3-
G4-g2 51.01 1.77 15.63 12.33 0.15 0.10 4.53 7.86 3.53 1.20 0.00 0.38 98.49 
D6A1L3-
G4-g3 49.68 1.75 15.19 12.53 0.30 0.17 4.57 7.85 3.22 1.16 0.00 0.46 96.88 
D6A1L3-
G4-g4 50.88 1.71 15.79 13.07 0.25 0.16 4.63 7.90 3.37 1.14 0.00 0.29 99.19 
D6A1L3-
G4-g5 49.61 1.82 15.34 13.12 0.19 0.25 4.67 8.02 3.23 1.05 0.09 0.41 97.80 
D6A1L3-
G5-g1 49.37 1.79 15.59 12.43 0.14 0.15 5.05 8.11 3.31 1.04 0.00 0.30 97.28 
D6A1L3-
G5-g2 49.81 1.78 15.75 12.50 0.30 0.23 4.99 8.11 3.28 1.06 0.00 0.42 98.23 
D6A1L3-
G5-g3 49.10 1.89 15.51 12.60 0.20 0.27 5.08 8.14 3.22 0.97 0.12 0.30 97.40 
D6A1L3-
G5-g4 49.70 1.64 15.78 12.58 0.25 0.19 5.10 8.17 3.27 1.03 0.00 0.31 98.02 
D6A1L3-
G5-g5 49.58 1.78 15.70 12.04 0.22 0.12 5.05 8.14 3.25 1.10 0.10 0.38 97.46 
D6A1L3-
G6-g1 50.25 1.83 15.72 12.37 0.13 0.12 5.00 8.06 3.13 1.04 0.00 0.38 98.03 
D6A1L3-
G6-g2 49.74 1.85 15.72 12.23 0.31 0.18 5.15 8.00 3.30 1.02 0.00 0.38 97.88 
D6A1L3-
G6-g3 50.16 1.75 15.83 12.35 0.16 0.23 5.09 8.09 3.15 1.01 0.00 0.40 98.22 
D6A1L3-
G6-g4 49.78 1.76 15.62 12.33 0.15 0.14 4.99 8.00 3.13 1.07 0.00 0.34 97.31 
D6A1L3-
G6-g5 50.14 1.70 15.90 12.28 0.20 0.14 5.12 8.20 3.17 1.01 0.00 0.40 98.26 
D6A1L5-
G1-g1 49.83 1.80 15.52 12.53 0.18 0.00 4.95 7.98 3.40 1.02 0.00 0.36 97.57 
D6A1L5-
G1-g2 49.52 1.84 15.53 12.31 0.29 0.26 4.97 8.14 3.36 1.15 0.00 0.38 97.75 
D6A1L5-
G1-g3 49.92 1.90 15.45 12.20 0.15 0.16 5.03 8.26 3.41 1.05 0.00 0.37 97.90 
D6A1L5-
G1-g4 50.12 1.92 15.78 12.37 0.25 0.14 4.88 8.27 3.41 1.09 0.00 0.35 98.58 
D6A1L5-
G1-g5 50.08 1.98 15.68 12.24 0.09 0.13 5.03 8.00 3.36 1.09 0.00 0.38 98.06 
D6A1L5-
G2-g1 49.09 1.93 15.84 11.82 0.17 0.22 5.86 9.06 2.62 1.00 0.00 0.48 98.09 
D6A1L5-
G2-g2 49.06 2.09 16.18 11.79 0.00 0.12 5.74 8.77 2.76 0.99 0.00 0.35 97.85 
D6A1L5-
G2-g3 49.81 2.03 16.00 11.76 0.25 0.23 5.80 8.59 2.90 1.04 0.00 0.47 98.88 
D6A1L5-
G2-g4 49.32 1.99 16.06 12.04 0.30 0.24 5.74 8.76 2.84 1.05 0.00 0.45 98.79 
D6A1L5-
G2-g5 49.93 2.11 15.95 12.23 0.15 0.21 6.01 8.78 2.65 1.18 0.00 0.44 99.64 
D6A1L5-
G4-g1 49.44 1.98 15.91 11.69 0.31 0.12 5.37 8.37 3.38 1.02 0.12 0.40 98.11 
D6A1L5-
G4-g2 49.49 2.02 15.94 11.92 0.19 0.11 5.37 8.38 3.36 1.00 0.00 0.45 98.23 
D6A1L5-
G4-g3 49.77 1.96 15.69 11.69 0.29 0.16 5.36 8.20 3.25 1.00 0.08 0.44 97.89 
D6A1L5-
G4-g4 49.16 1.90 15.98 11.60 0.23 0.18 5.35 8.22 3.32 1.02 0.00 0.38 97.34 
D6A1L5-
G4-g5 49.37 1.88 15.80 11.59 0.29 0.26 5.45 8.35 3.40 0.95 0.00 0.46 97.80 
D6A1L5-
G5-g1 49.64 1.93 15.99 12.00 0.25 0.17 5.30 8.30 3.37 1.05 0.10 0.33 98.43 
D6A1L5-
G5-g2 50.04 1.80 15.95 11.83 0.15 0.15 5.48 8.10 3.36 1.06 0.00 0.36 98.28 
D6A1L5-
G5-g3 49.98 1.99 16.08 12.01 0.23 0.18 5.34 8.34 3.35 1.06 0.00 0.40 98.96 
D6A1L5-
G5-g4 49.59 1.88 15.70 11.67 0.23 0.18 5.27 8.20 3.33 1.05 0.00 0.37 97.47 
D6A1L5-




Z1-g1 48.65 1.82 15.53 13.25 0.21 0.21 4.29 7.77 3.51 1.06 0.00 0.40 96.70 
D7A2L1-
Z1-g2 49.95 1.92 15.79 13.78 0.22 0.00 4.36 7.85 3.64 1.12 0.00 0.28 98.91 
D7A2L1-
Z1-g3 49.18 1.89 15.35 13.54 0.23 0.23 4.29 7.86 3.23 1.07 0.00 0.47 97.34 
D7A2L1-
Z1-g4 50.22 1.83 15.53 13.53 0.21 0.20 4.27 7.81 3.50 1.13 0.09 0.43 98.75 
D7A2L1-
Z1-g5 50.10 1.88 15.56 13.26 0.26 0.18 4.31 7.92 3.49 1.17 0.00 0.44 98.57 
D7A2L1-
Z2-g1 50.44 1.85 15.53 13.31 0.19 0.18 4.08 7.39 3.78 1.21 0.00 0.44 98.40 
D7A2L1-
Z2-g2 50.54 1.82 15.44 13.46 0.24 0.26 4.03 7.58 3.84 1.14 0.00 0.40 98.75 
D7A2L1-
Z2-g3 49.77 1.92 15.56 13.42 0.23 0.12 4.18 7.82 3.74 1.11 0.00 0.46 98.33 
D7A2L1-
Z2-g4 50.21 1.89 15.69 13.36 0.41 0.25 4.25 7.76 3.76 1.15 0.00 0.43 99.16 
D7A2L1-
Z2-g5 51.13 1.83 15.64 13.34 0.31 0.18 4.01 7.70 3.68 1.16 0.00 0.41 99.39 
D7A2L1-
Z3-g1 50.16 1.99 15.94 13.96 0.22 0.11 4.36 8.01 3.83 1.08 0.00 0.36 100.02 
D7A2L1-
Z3-g2 50.37 1.87 15.85 13.54 0.25 0.17 4.37 7.92 3.73 1.15 0.00 0.47 99.69 
D7A2L1-
Z3-g3 50.63 1.92 15.62 13.24 0.31 0.17 4.07 7.67 3.76 1.19 0.00 0.41 98.99 
D7A2L1-
Z3-g4 49.66 1.87 15.88 13.86 0.24 0.15 4.28 7.91 3.63 1.13 0.00 0.38 98.99 
D7A2L1-
Z3-g5 50.39 1.86 15.78 13.54 0.23 0.21 4.34 7.83 3.78 1.11 0.00 0.36 99.43 
D7A2L1-
Z4-g1 50.19 1.87 15.62 13.58 0.25 0.19 4.23 7.93 3.77 1.08 0.11 0.39 99.21 
D7A2L1-
Z4-g2 50.33 1.91 15.82 13.63 0.19 0.10 4.27 7.86 3.83 1.13 0.00 0.37 99.44 
D7A2L1-
Z4-g3 50.06 1.96 15.64 13.37 0.32 0.15 4.33 7.85 3.76 1.08 0.00 0.34 98.86 
D7A2L1-
Z4-g4 50.54 1.86 15.80 13.56 0.27 0.20 4.25 7.62 3.77 1.15 0.00 0.42 99.44 
D7A2L1-
Z4-g5 50.00 1.95 15.77 13.76 0.22 0.26 4.19 7.84 3.79 1.12 0.00 0.35 99.25 
D7A2L2-
Z1-g1 49.79 1.91 16.61 12.03 0.25 0.20 5.35 8.70 3.50 0.94 0.00 0.52 99.80 
D7A2L2-
Z1-g2 49.21 1.71 16.62 12.14 0.16 0.17 5.39 8.71 3.53 0.95 0.00 0.38 98.97 
D7A2L2-
Z1-g3 49.33 1.88 16.48 12.05 0.21 0.14 5.50 8.76 3.59 1.00 0.00 0.44 99.38 
D7A2L2-
Z1-g4 50.12 1.80 16.58 11.99 0.18 0.20 5.50 8.71 3.55 0.98 0.00 0.32 99.93 
D7A2L2-
Z1-g5 50.10 1.83 16.64 12.22 0.31 0.00 5.38 8.72 3.62 0.97 0.00 0.38 100.17 
D7A2L2-
Z2-g1 50.01 1.82 16.63 12.17 0.12 0.13 5.50 8.63 3.64 1.01 0.00 0.38 100.04 
D7A2L2-
Z2-g2 49.63 1.78 16.46 12.03 0.31 0.10 5.26 8.49 3.53 1.06 0.10 0.37 99.12 
D7A2L2-
Z2-g3 49.40 1.99 16.21 12.23 0.27 0.10 5.30 8.75 3.59 1.00 0.00 0.47 99.31 
D7A2L2-
Z2-g4 49.56 1.88 16.69 12.23 0.15 0.17 5.42 8.70 3.64 1.02 0.00 0.50 99.96 
D7A2L2-
Z2-g5 49.40 1.94 16.65 12.16 0.13 0.00 5.51 8.61 3.66 1.04 0.10 0.42 99.62 
D7A2L2-
Z3-g1 49.12 1.92 16.36 12.40 0.13 0.07 5.26 8.69 3.55 0.92 0.00 0.48 98.90 
D7A2L2-
Z3-g2 50.00 1.83 16.74 12.07 0.20 0.00 5.44 8.78 3.65 1.07 0.00 0.38 100.16 
D7A2L2-
Z3-g3 49.51 1.70 16.73 12.10 0.33 0.20 5.43 8.46 3.56 0.98 0.00 0.30 99.30 
D7A2L2-
Z3-g4 49.71 1.74 16.72 12.07 0.10 0.00 5.32 8.69 3.53 1.02 0.00 0.37 99.27 
D7A2L2-
Z3-g5 49.51 1.79 16.54 12.33 0.16 0.18 5.36 8.75 3.56 0.94 0.00 0.29 99.41 
D7A2L2-
Z4-g1 50.42 1.95 16.63 12.11 0.32 0.13 5.25 8.65 3.29 0.95 0.08 0.32 100.10 
D7A2L2-
Z4-g2 50.10 1.81 16.93 12.11 0.24 0.13 5.35 8.71 3.29 1.00 0.00 0.45 100.12 
D7A2L2-
Z4-g3 50.11 1.82 16.70 12.51 0.24 0.14 5.30 8.71 3.41 0.99 0.00 0.47 100.40 
D7A2L2-
Z4-g4 50.20 1.85 16.75 12.28 0.18 0.20 5.34 8.70 3.36 0.99 0.00 0.45 100.30 
D7A2L2-
Z4-g5 50.45 1.86 16.82 12.15 0.22 0.10 5.37 8.92 3.38 1.06 0.00 0.36 100.69 
D7A2L3-
Z1-g1 49.19 1.93 16.10 11.90 0.18 0.00 5.38 8.51 3.10 0.99 0.00 0.42 97.70 
D7A2L3-
Z1-g2 49.42 1.93 15.87 11.99 0.24 0.00 5.39 8.29 3.05 1.13 0.00 0.48 97.79 
D7A2L3-
Z1-g3 49.68 1.89 16.04 11.94 0.28 0.19 5.40 8.50 3.07 1.02 0.00 0.42 98.43 
D7A2L3-




Z1-g5 49.21 1.91 15.91 11.87 0.14 0.10 5.32 8.37 3.10 1.06 0.00 0.45 97.44 
D7A2L3-
Z2-g1 50.35 1.97 16.21 12.21 0.31 0.08 5.46 8.45 3.15 1.15 0.00 0.37 99.71 
D7A2L3-
Z2-g2 50.05 1.86 16.49 12.46 0.16 0.11 5.41 8.59 3.21 1.04 0.00 0.29 99.67 
D7A2L3-
Z2-g3 49.88 1.97 16.24 12.14 0.23 0.15 5.55 8.62 3.17 1.06 0.00 0.41 99.42 
D7A2L3-
Z2-g4 49.26 1.95 15.86 12.37 0.26 0.10 5.35 8.29 3.22 1.13 0.00 0.25 98.04 
D7A2L3-
Z2-g5 49.08 1.88 15.96 12.62 0.18 0.16 5.10 8.22 3.17 1.08 0.00 0.41 97.86 
D7A2L3-
Z3-g1 49.20 1.90 16.05 12.24 0.14 0.12 5.28 8.31 3.05 1.06 0.00 0.43 97.78 
D7A2L3-
Z3-g2 49.28 1.92 16.03 12.05 0.00 0.10 5.37 8.36 3.13 1.08 0.00 0.42 97.74 
D7A2L3-
Z3-g3 49.37 1.89 16.11 12.42 0.00 0.22 5.30 8.42 3.14 1.09 0.00 0.36 98.32 
D7A2L3-
Z3-g4 49.37 2.04 15.99 12.07 0.21 0.24 5.30 8.35 3.12 1.11 0.11 0.35 98.26 
D7A2L3-
Z3-g5 49.40 1.87 16.07 12.28 0.21 0.19 5.42 8.33 3.07 0.98 0.13 0.34 98.29 
D7A2L3-
Z4-g1 49.47 1.81 15.99 12.00 0.20 0.08 5.30 8.39 2.81 1.07 0.00 0.40 97.52 
D7A2L3-
Z4-g2 48.75 1.93 16.14 12.23 0.19 0.23 5.18 8.43 2.82 1.06 0.00 0.33 97.29 
D7A2L3-
Z4-g3 48.83 1.82 15.92 11.97 0.29 0.14 5.31 8.27 2.86 0.98 0.00 0.35 96.74 
D7A2L3-
Z4-g4 48.97 1.80 15.78 12.14 0.00 0.12 5.24 8.40 2.75 1.08 0.00 0.42 96.70 
D7A2L3-
Z4-g5 49.24 1.91 15.82 11.82 0.13 0.10 5.16 8.24 2.81 1.01 0.09 0.43 96.76 
D7A2L4-
Z1-g1 49.37 1.96 16.15 11.82 0.21 0.08 5.51 8.72 3.10 1.11 0.00 0.40 98.43 
D7A2L4-
Z1-g2 49.08 1.87 15.99 11.77 0.23 0.09 5.49 8.61 3.13 1.00 0.00 0.35 97.61 
D7A2L4-
Z1-g3 50.05 2.02 16.35 11.67 0.16 0.10 5.26 8.46 3.19 1.05 0.00 0.43 98.74 
D7A2L4-
Z1-g4 48.90 1.92 15.72 11.87 0.12 0.08 5.37 8.40 3.06 1.01 0.00 0.48 96.93 
D7A2L4-
Z1-g5 48.78 1.91 16.00 11.92 0.15 0.11 5.43 8.42 2.99 1.01 0.00 0.39 97.11 
D7A2L4-
Z2-g1 49.61 1.98 16.20 12.24 0.39 0.00 5.42 8.63 3.13 1.06 0.00 0.34 99.00 
D7A2L4-
Z2-g2 49.36 2.09 16.07 12.10 0.19 0.13 5.43 8.65 2.99 1.04 0.00 0.31 98.36 
D7A2L4-
Z2-g3 49.78 2.06 16.44 12.05 0.30 0.00 5.63 8.82 3.09 1.01 0.00 0.42 99.60 
D7A2L4-
Z2-g4 49.95 1.91 16.04 12.23 0.20 0.17 5.64 8.70 3.17 1.05 0.00 0.50 99.56 
D7A2L4-
Z2-g5 49.25 2.00 16.00 12.10 0.19 0.15 5.57 8.62 3.08 1.01 0.00 0.38 98.35 
D7A2L4-
Z3-g1 49.65 1.88 16.12 12.51 0.10 0.26 5.43 8.41 3.13 1.06 0.00 0.43 98.98 
D7A2L4-
Z3-g2 49.24 2.03 15.90 12.19 0.23 0.19 5.55 8.46 3.08 1.07 0.00 0.43 98.37 
D7A2L4-
Z3-g3 49.38 1.92 16.09 12.22 0.15 0.13 5.47 8.47 2.98 0.97 0.00 0.40 98.18 
D7A2L4-
Z3-g4 49.69 1.90 16.15 11.98 0.18 0.08 5.45 8.56 3.14 1.06 0.00 0.42 98.61 
D7A2L4-
Z3-g5 49.06 2.02 15.85 12.03 0.22 0.00 5.53 8.55 3.04 1.05 0.00 0.44 97.79 
D7A2L4-
Z4-g1 49.40 1.92 16.22 12.07 0.00 0.21 5.56 8.48 3.11 1.01 0.00 0.32 98.30 
D7A2L4-
Z4-g2 49.72 2.07 16.18 12.09 0.33 0.00 5.60 8.65 3.18 1.03 0.00 0.42 99.27 
D7A2L4-
Z4-g3 49.05 1.79 15.81 12.04 0.00 0.18 5.56 8.55 3.02 1.06 0.00 0.43 97.49 
D7A2L4-
Z4-g4 49.93 1.95 16.29 12.15 0.20 0.18 5.44 8.58 3.09 1.05 0.00 0.37 99.23 
D7A2L4-
Z4-g5 49.87 1.94 16.23 12.12 0.18 0.26 5.38 8.45 3.13 1.03 0.09 0.40 99.08 
D4A1L1-
G1-g1 50.05 1.79 16.15 12.55 0.15 0.18 5.08 8.29 3.73 1.08 0.08 0.31 99.44 
D4A1L1-
G1-g2 49.95 1.80 16.21 12.48 0.22 0.12 5.19 8.44 3.64 1.05 0.00 0.49 99.59 
D4A1L1-
G1-g3 50.47 1.85 15.99 12.77 0.30 0.12 5.23 8.22 3.67 1.14 0.00 0.35 100.11 
D4A1L1-
G1-g4 50.42 1.74 16.22 12.57 0.28 0.23 4.99 8.50 3.82 1.06 0.00 0.45 100.28 
D4A1L1-
G1-g5 50.32 1.76 16.06 12.56 0.22 0.11 5.14 8.14 3.74 1.05 0.00 0.29 99.39 
D4A1L1-
G2-g1 50.03 1.80 16.22 12.56 0.19 0.13 5.19 8.29 3.77 1.06 0.00 0.36 99.60 
D4A1L1-
G2-g2 50.33 1.88 16.14 12.62 0.21 0.22 5.15 8.14 3.80 1.06 0.00 0.31 99.86 
D4A1L1-




G2-g4 50.00 1.72 15.90 12.34 0.13 0.00 5.21 8.25 3.77 1.06 0.09 0.30 98.77 
D4A1L1-
G2-g5 49.76 1.88 16.03 12.38 0.24 0.16 5.22 8.18 3.64 1.04 0.00 0.41 98.94 
D4A1L1-
G3-g1 50.60 1.85 15.87 12.54 0.16 0.16 5.26 8.34 3.69 1.04 0.00 0.31 99.82 
D4A1L1-
G3-g2 50.11 1.76 15.87 12.48 0.20 0.22 5.23 8.14 3.69 1.02 0.00 0.31 99.03 
D4A1L1-
G3-g3 50.03 1.77 15.93 12.47 0.38 0.18 5.24 8.27 3.69 0.98 0.00 0.41 99.35 
D4A1L1-
G3-g4 49.93 1.82 15.99 12.23 0.26 0.24 5.32 8.34 3.69 1.11 0.00 0.35 99.28 
D4A1L1-
G3-g5 49.53 1.66 15.79 12.06 0.29 0.13 5.13 8.39 3.63 1.12 0.00 0.35 98.08 
D4A1L3-
G1-g1 50.45 1.83 16.06 12.31 0.25 0.18 5.40 8.46 3.68 1.11 0.00 0.35 100.08 
D4A1L3-
G1-g2 50.00 1.90 15.97 12.30 0.31 0.16 5.34 8.40 3.70 1.01 0.00 0.31 99.40 
D4A1L3-
G1-g3 50.33 1.78 15.80 12.62 0.16 0.17 4.91 8.15 3.66 1.13 0.00 0.39 99.10 
D4A1L3-
G1-g4 50.22 1.86 16.07 12.34 0.23 0.00 5.36 8.42 3.72 1.04 0.00 0.42 99.68 
D4A1L3-
G1-g5 50.22 1.87 15.81 12.08 0.12 0.12 5.19 8.25 3.55 1.11 0.00 0.37 98.69 
D4A1L3-
G2-g1 50.21 1.76 15.92 12.20 0.10 0.12 5.32 8.41 3.65 1.08 0.00 0.29 99.06 
D4A1L3-
G2-g2 50.18 1.87 16.10 12.31 0.22 0.00 5.39 8.39 3.75 1.03 0.00 0.34 99.58 
D4A1L3-
G2-g3 50.19 1.75 16.00 12.27 0.25 0.00 5.34 8.46 3.61 1.06 0.00 0.28 99.21 
D4A1L3-
G2-g4 50.17 1.92 15.96 12.29 0.28 0.17 5.42 8.37 3.67 0.99 0.00 0.43 99.67 
D4A1L3-
G2-g5 50.31 1.84 16.09 12.18 0.10 0.00 5.31 8.25 3.70 1.16 0.00 0.40 99.34 
D4A1L3-
G3-g1 50.88 1.82 15.65 12.99 0.00 0.08 4.60 7.99 3.83 1.18 0.00 0.37 99.39 
D4A1L3-
G3-g2 50.79 1.74 15.65 12.88 0.20 0.14 4.63 7.88 3.93 1.14 0.00 0.34 99.32 
D4A1L3-
G3-g3 50.97 1.74 15.82 12.78 0.20 0.14 4.62 7.90 3.67 1.18 0.00 0.34 99.36 
D4A1L3-
G3-g4 50.62 1.74 15.63 12.90 0.30 0.16 4.64 7.96 3.68 1.18 0.00 0.41 99.22 
D4A1L3-
G3-g5 50.88 1.74 15.66 12.97 0.24 0.22 4.59 7.91 3.77 1.19 0.00 0.33 99.50 
D4A1L3-
G4-g1 50.75 1.97 16.23 12.23 0.00 0.10 5.46 8.52 3.69 1.09 0.00 0.41 100.45 
D4A1L3-
G4-g2 50.35 1.84 16.09 12.02 0.26 0.08 5.42 8.34 3.65 1.07 0.00 0.39 99.51 
D4A1L3-
G4-g3 50.01 1.94 16.14 12.20 0.12 0.00 5.32 8.47 3.72 1.08 0.00 0.29 99.29 
D4A1L3-
G4-g4 50.63 1.80 15.95 12.25 0.29 0.00 5.33 8.37 3.78 1.08 0.11 0.33 99.92 
D4A1L3-
G4-g5 50.19 1.86 16.00 12.20 0.22 0.11 5.39 8.50 3.61 1.07 0.00 0.47 99.62 
D4A1L5-
G1-g1 49.74 1.85 15.99 11.89 0.32 0.19 5.30 8.42 3.62 1.05 0.00 0.29 98.66 
D4A1L5-
G1-g2 50.21 1.94 15.96 12.06 0.14 0.13 5.40 8.39 3.73 1.09 0.00 0.40 99.45 
D4A1L5-
G1-g3 50.05 1.87 16.02 11.81 0.24 0.20 5.38 8.48 3.58 1.05 0.00 0.35 99.03 
D4A1L5-
G1-g4 50.34 1.88 16.21 12.24 0.00 0.00 5.32 8.35 3.56 1.06 0.00 0.39 99.35 
D4A1L5-
G1-g5 50.03 1.92 16.13 12.17 0.17 0.13 5.33 8.23 3.70 1.07 0.00 0.30 99.18 
D4A1L5-
G2-g1 49.95 1.89 16.03 11.77 0.22 0.11 5.53 8.57 3.63 1.09 0.00 0.42 99.21 
D4A1L5-
G2-g2 50.12 1.92 15.97 12.13 0.15 0.10 5.48 8.66 3.61 1.06 0.00 0.46 99.66 
D4A1L5-
G2-g3 50.45 1.93 16.22 12.10 0.26 0.11 5.64 8.63 3.60 1.06 0.00 0.38 100.38 
D4A1L5-
G2-g4 49.94 2.10 16.16 11.82 0.23 0.15 5.49 8.63 3.62 1.04 0.00 0.49 99.67 
D4A1L5-
G2-g5 50.23 1.83 16.12 11.77 0.27 0.00 5.58 8.52 3.56 1.07 0.12 0.38 99.45 
D4A1L5-
G3-g1 50.20 2.04 15.93 12.25 0.10 0.11 5.46 8.61 3.58 1.04 0.13 0.42 99.87 
D4A1L5-
G3-g2 49.96 1.84 16.07 12.28 0.27 0.12 5.68 8.38 3.65 1.03 0.00 0.50 99.78 
D4A1L5-
G3-g3 50.10 1.96 16.19 12.19 0.22 0.19 5.53 8.59 3.48 1.04 0.00 0.35 99.84 
D4A1L5-
G3-g4 50.18 1.91 16.14 11.99 0.17 0.08 5.50 8.46 3.54 1.01 0.00 0.33 99.31 
D4A1L5-
G3-g5 50.15 1.92 15.79 11.92 0.17 0.11 5.46 8.53 3.64 1.03 0.11 0.56 99.39 
D4A1L5-
G4-g1 50.63 1.92 15.87 12.08 0.32 0.11 5.35 8.42 3.61 1.09 0.00 0.26 99.66 
D4A1L5-




G4-g3 50.28 1.90 15.87 12.33 0.23 0.00 5.41 8.51 3.70 1.04 0.00 0.35 99.62 
D4A1L5-
G4-g4 50.19 1.80 16.01 12.53 0.29 0.20 5.36 8.39 3.59 1.09 0.00 0.45 99.90 
D4A1L5-
G4-g5 50.47 1.74 16.03 12.46 0.00 0.00 5.35 8.36 3.61 1.08 0.00 0.36 99.46 
 
C3. Pahvant Butte (mound) plagioclase major-element analysis 
LABEL SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O SO3 Cr2O3 P2O5 Total 
D3A2L1-G1-
Plg1 53.30 0.00 29.68 0.77 0.00 0.10 12.36 4.26 0.19 0.00 0.00 0.00 100.66 
D3A2L1-G1-
Plg2 52.49 0.00 30.68 0.81 0.00 0.13 13.26 3.70 0.18 0.00 0.00 0.00 101.25 
D3A2L1-G1-
Plg3 53.13 0.00 30.28 0.94 0.00 0.19 12.09 4.19 0.13 0.00 0.00 0.00 100.95 
D3A2L1-G1-
Plg4 52.35 0.17 29.05 1.09 0.00 0.23 12.45 3.78 0.18 0.00 0.00 0.00 99.30 
D3A2L1-G1-
Plg5 53.74 0.22 29.33 0.77 0.00 0.11 11.97 4.32 0.13 0.00 0.00 0.00 100.59 
D3A2L1-G1-
Plg6 54.34 0.14 28.72 1.24 0.00 0.17 11.61 4.51 0.27 0.00 0.00 0.00 101.00 
D3A2L1-G1-
Plg7 54.24 0.17 28.18 1.10 0.00 0.22 11.78 4.45 0.22 0.00 0.00 0.00 100.36 
D3A2L1-G2-
Plg1 52.89 0.00 30.03 0.57 0.00 0.11 12.57 4.02 0.18 0.00 0.00 0.00 100.37 
D3A2L1-G2-
Plg2 54.31 0.00 29.62 0.85 0.00 0.13 11.86 4.39 0.19 0.00 0.00 0.00 101.35 
D3A2L1-G2-
Plg3 53.97 0.14 29.80 0.81 0.00 0.13 12.37 4.26 0.19 0.00 0.00 0.00 101.67 
D3A2L1-G2-
Plg4 53.16 0.00 30.41 0.86 0.00 0.09 12.90 4.01 0.12 0.00 0.00 0.00 101.55 
D3A2L1-G2-
Plg5 55.47 0.17 28.41 1.04 0.00 0.15 10.98 5.15 0.29 0.00 0.00 0.00 101.66 
D3A2L1-G2-
Plg6 54.87 0.00 29.55 0.92 0.00 0.15 11.81 4.44 0.21 0.00 0.00 0.00 101.95 
D3A2L1-G3-
Plg1 53.63 0.14 29.55 0.84 0.00 0.13 12.29 4.23 0.18 0.00 0.00 0.00 100.99 
D3A2L1-G3-
Plg2 53.69 0.00 29.19 0.83 0.00 0.13 11.79 4.48 0.19 0.00 0.00 0.00 100.30 
D3A2L1-G3-
Plg3 53.30 0.00 30.10 0.97 0.00 0.12 12.67 4.03 0.17 0.00 0.00 0.00 101.36 
D3A2L1-G3-
Plg4 53.71 0.00 30.29 0.95 0.00 0.12 12.58 4.07 0.09 0.00 0.00 0.00 101.81 
D3A2L1-G3-
Plg5 53.48 0.00 30.41 0.96 0.00 0.11 12.68 4.03 0.12 0.00 0.00 0.00 101.79 
D3A2L1-G4-
Plg1 54.63 0.00 28.97 0.92 0.00 0.13 11.61 4.52 0.19 0.00 0.00 0.00 100.97 
D3A2L1-G4-
Plg2 53.79 0.00 29.45 0.81 0.00 0.12 12.15 4.25 0.17 0.00 0.00 0.00 100.74 
D3A2L1-G4-
Plg3 54.08 0.00 29.32 0.86 0.00 0.15 11.98 4.29 0.16 0.00 0.00 0.00 100.84 
D3A2L1-G4-
Plg4 53.40 0.00 29.73 0.74 0.00 0.12 12.35 4.18 0.11 0.00 0.00 0.00 100.63 
D3A2L1-G4-
Plg5 52.76 0.00 30.30 1.00 0.00 0.13 12.79 3.85 0.15 0.00 0.00 0.00 100.98 
D3A2L1-G4-
Plg6 54.04 0.00 29.68 1.07 0.00 0.14 12.06 4.44 0.17 0.00 0.00 0.00 101.60 
D3A2L1-G5-
Plg1 53.64 0.00 30.31 0.68 0.00 0.13 12.84 4.03 0.15 0.00 0.00 0.00 101.78 
D3A2L1-G5-
Plg2 54.49 0.00 29.91 0.85 0.00 0.12 12.21 4.35 0.20 0.00 0.00 0.00 102.13 
D3A2L1-G5-
Plg3 53.28 0.16 30.39 0.76 0.00 0.13 12.80 4.07 0.21 0.00 0.00 0.00 101.80 
D3A2L1-G5-
Plg4 55.61 0.14 28.40 1.09 0.00 0.11 10.90 4.99 0.19 0.00 0.00 0.00 101.43 
D3A2L1-G5-
Plg5 53.66 0.00 30.08 0.71 0.00 0.09 12.91 4.05 0.11 0.00 0.00 0.00 101.61 
D3A2L2-G1-
Plg1 53.09 0.00 29.03 0.73 0.00 0.14 12.23 4.10 0.32 0.00 0.00 0.00 99.64 
D3A2L2-G1-
Plg2 53.35 0.00 29.04 0.71 0.00 0.20 12.19 4.06 0.25 0.00 0.00 0.00 99.80 
D3A2L2-G1-
Plg3 52.65 0.00 29.12 0.83 0.00 0.21 12.29 3.99 0.27 0.00 0.00 0.00 99.36 
D3A2L2-G1-
Plg4 52.46 0.00 27.58 0.89 0.00 0.13 11.19 4.22 0.31 0.00 0.00 0.00 96.78 
D3A2L2-G1-
Plg5 53.84 0.00 29.16 0.88 0.00 0.19 12.19 4.24 0.31 0.00 0.00 0.00 100.81 
D3A2L2-G1-
Plg6 50.41 0.00 25.93 0.93 0.00 0.17 10.39 4.27 0.30 0.00 0.00 0.00 92.40 
D3A2L2-G1-
Plg7 53.66 0.00 28.71 0.59 0.00 0.19 12.02 4.24 0.29 0.00 0.00 0.00 99.70 
D3A2L2-G1-




Plg1 53.65 0.00 29.26 0.89 0.00 0.17 12.30 4.20 0.24 0.00 0.00 0.00 100.71 
D3A2L2-G2-
Plg2 53.78 0.12 28.72 0.72 0.00 0.23 11.92 4.24 0.31 0.00 0.00 0.00 100.04 
D3A2L2-G2-
Plg3 53.79 0.12 28.78 0.80 0.00 0.13 12.10 4.29 0.23 0.00 0.00 0.00 100.24 
D3A2L2-G2-
Plg4 52.85 0.13 29.21 0.93 0.00 0.18 12.53 3.94 0.25 0.00 0.00 0.00 100.02 
D3A2L2-G2-
Plg5 53.79 0.00 28.47 0.88 0.00 0.21 11.75 4.31 0.30 0.00 0.00 0.00 99.71 
D3A2L2-G2-
Plg6 52.30 0.24 25.37 2.43 0.00 1.88 11.19 3.90 0.33 0.00 0.00 0.00 97.64 
D3A2L2-G2-
Plg7 55.07 0.63 22.73 3.71 0.00 1.56 10.18 4.74 0.51 0.00 0.00 0.00 99.13 
D3A2L2-G3-
Plg1 52.83 0.00 30.06 0.79 0.00 0.10 13.17 3.72 0.21 0.00 0.00 0.00 100.88 
D3A2L2-G3-
Plg2 54.32 0.00 28.93 1.04 0.00 0.19 11.99 4.29 0.28 0.00 0.00 0.00 101.04 
D3A2L2-G3-
Plg3 54.45 0.13 28.93 1.02 0.00 0.16 11.86 4.39 0.27 0.00 0.00 0.00 101.21 
D3A2L2-G3-
Plg4 53.38 0.13 29.06 0.91 0.00 0.18 12.31 4.04 0.25 0.00 0.00 0.00 100.26 
D3A2L2-G3-
Plg5 53.56 0.00 29.08 0.75 0.00 0.21 12.40 4.16 0.26 0.00 0.00 0.00 100.42 
D3A2L2-G4-
Plg1 51.17 0.00 29.87 0.65 0.00 0.17 13.00 3.68 0.19 0.00 0.00 0.00 98.73 
D3A2L2-G4-
Plg2 53.57 0.14 28.57 0.62 0.00 0.17 11.97 4.22 0.32 0.00 0.00 0.00 99.58 
D3A2L2-G4-
Plg3 53.35 0.00 29.15 0.76 0.00 0.17 12.16 4.09 0.30 0.00 0.00 0.00 99.98 
D3A2L2-G4-
Plg4 54.22 0.00 28.88 0.67 0.00 0.15 11.87 4.30 0.27 0.00 0.00 0.00 100.36 
D3A2L2-G4-
Plg5 52.94 0.00 29.74 0.71 0.00 0.17 12.99 3.81 0.22 0.00 0.00 0.00 100.58 
D3A2L2-G4-
Plg6 51.67 0.00 29.85 0.55 0.00 0.16 13.30 3.51 0.22 0.00 0.00 0.00 99.26 
D3A2L2-G5-
Plg1 53.42 0.00 29.57 0.88 0.00 0.19 11.59 4.38 0.26 0.00 0.00 0.00 100.29 
D3A2L2-G5-
Plg2 53.88 0.00 28.78 0.76 0.00 0.19 12.01 4.28 0.32 0.00 0.00 0.00 100.22 
D3A2L2-G5-
Plg3 52.92 0.00 29.49 0.74 0.00 0.20 12.61 3.89 0.25 0.00 0.00 0.00 100.10 
D3A2L3-G1-
Plg1 51.43 0.00 30.57 0.90 0.00 0.17 13.02 3.78 0.19 0.00 0.00 0.00 100.06 
D3A2L3-G1-
Plg2 52.33 0.00 29.63 0.90 0.00 0.00 12.71 3.99 0.21 0.00 0.00 0.00 99.77 
D3A2L3-G1-
Plg3 53.13 0.00 28.99 0.92 0.00 0.19 11.94 4.44 0.31 0.00 0.00 0.00 99.92 
D3A2L3-G1-
Plg4 54.00 0.15 29.37 1.07 0.00 0.11 12.04 4.28 0.22 0.00 0.00 0.00 101.24 
D3A2L3-G2-
Plg1 53.00 0.00 29.71 0.66 0.00 0.09 12.48 4.07 0.12 0.00 0.00 0.00 100.13 
D3A2L3-G2-
Plg2 53.44 0.00 30.04 0.86 0.00 0.13 12.43 4.12 0.09 0.00 0.00 0.00 101.11 
D3A2L3-G2-
Plg3 53.80 0.00 29.85 0.75 0.00 0.11 12.31 4.25 0.15 0.00 0.00 0.00 101.22 
D3A2L3-G2-
Plg4 52.96 0.16 30.65 0.76 0.00 0.16 13.29 3.72 0.09 0.00 0.00 0.00 101.79 
D3A2L3-G2-
Plg5 50.85 0.00 30.82 0.72 0.00 0.17 13.47 3.55 0.20 0.00 0.00 0.00 99.78 
D3A2L3-G2-
Plg6 51.52 0.00 30.51 0.81 0.00 0.00 13.39 3.78 0.16 0.00 0.00 0.00 100.17 
D3A2L3-G3-
Plg1 52.26 0.00 30.17 1.07 0.00 0.13 12.97 3.96 0.24 0.00 0.00 0.00 100.80 
D3A2L3-G3-
Plg2 51.74 0.00 30.55 0.98 0.00 0.16 13.25 3.95 0.25 0.00 0.00 0.00 100.88 
D3A2L3-G3-
Plg3 53.16 0.00 30.52 0.88 0.00 0.00 12.62 4.23 0.25 0.00 0.00 0.00 101.66 
D3A2L3-G3-
Plg4 51.71 0.00 31.07 1.03 0.00 0.00 13.81 3.63 0.24 0.00 0.00 0.00 101.49 
D3A2L3-G3-
Plg5 50.41 0.00 29.73 0.85 0.00 0.00 12.80 3.76 0.22 0.00 0.00 0.00 97.77 
D3A2L3-G3-
Plg6 51.59 0.00 30.19 0.92 0.00 0.00 13.01 3.88 0.24 0.00 0.00 0.00 99.83 
D3A2L3-G3-
Plg7 52.15 0.00 30.09 0.80 0.00 0.00 12.95 4.05 0.28 0.00 0.00 0.00 100.32 
D3A2L3-G3-
Plg8 51.35 0.00 29.75 0.72 0.00 0.00 12.89 3.92 0.21 0.00 0.00 0.00 98.84 
D3A2L3-G3-
Plg9 51.85 0.00 29.87 0.88 0.00 0.12 12.75 4.17 0.22 0.00 0.00 0.00 99.86 
D3A2L3-G3-
Plg10 51.37 0.00 30.48 1.07 0.00 0.00 13.19 3.83 0.23 0.00 0.00 0.00 100.17 
D3A2L3-G3-
Plg11 52.05 0.00 30.54 1.17 0.00 0.00 12.94 4.02 0.24 0.00 0.00 0.00 100.96 
D3A2L3-G3-
Plg12 51.67 0.00 31.36 0.68 0.00 0.00 13.85 3.49 0.21 0.00 0.00 0.00 101.26 
D3A2L3-G3-




Plg14 51.63 0.00 30.20 1.05 0.00 0.15 12.95 3.98 0.30 0.00 0.00 0.00 100.26 
D3A2L3-G3-
Plg15 50.80 0.00 30.74 1.05 0.00 0.14 13.41 3.63 0.17 0.00 0.00 0.00 99.94 
D3A2L3-G3-
Plg16 49.58 0.00 30.24 0.80 0.00 0.13 13.54 3.48 0.23 0.00 0.00 0.00 98.00 
D3A2L3-G3-
Plg17 50.01 0.00 30.29 0.79 0.00 0.12 13.71 3.56 0.17 0.00 0.00 0.00 98.65 
D3A2L4-G1-
Plg1 53.69 0.00 29.36 0.70 0.00 0.21 12.47 3.99 0.24 0.00 0.00 0.00 100.66 
D3A2L4-G1-
Plg2 51.84 0.00 31.00 0.89 0.00 0.18 13.04 3.65 0.19 0.00 0.00 0.00 100.79 
D3A2L4-G1-
Plg3 51.53 0.00 31.12 0.85 0.00 0.18 13.11 3.66 0.22 0.00 0.00 0.00 100.67 
D3A2L4-G1-
Plg4 52.34 0.00 30.56 0.97 0.00 0.18 12.56 3.94 0.23 0.00 0.00 0.00 100.78 
D3A2L4-G2-
Plg1 52.46 0.00 30.14 1.01 0.00 0.20 12.10 4.04 0.20 0.00 0.00 0.00 100.15 
D3A2L4-G2-
Plg2 52.52 0.13 29.84 0.76 0.00 0.18 13.11 3.63 0.20 0.00 0.00 0.00 100.37 
D3A2L4-G2-
Plg3 52.37 0.15 30.03 1.12 0.00 0.18 12.22 3.94 0.25 0.00 0.00 0.00 100.26 
D3A2L4-G2-
Plg4 51.34 0.00 30.46 1.18 0.00 0.19 12.81 3.70 0.20 0.00 0.00 0.00 99.88 
D3A2L4-G2-
Plg5 52.52 0.16 29.39 0.95 0.00 0.17 11.62 4.07 0.28 0.00 0.00 0.00 99.16 
D3A2L4-G3-
Plg1 52.76 0.00 29.88 0.68 0.00 0.14 13.05 3.68 0.23 0.00 0.00 0.00 100.42 
D3A2L4-G3-
Plg2 52.48 0.00 31.07 0.83 0.00 0.15 12.89 3.63 0.22 0.00 0.00 0.00 101.27 
D3A2L4-G3-
Plg3 52.82 0.00 29.69 0.64 0.00 0.17 12.86 3.50 0.20 0.00 0.00 0.00 99.88 
D3A2L4-G3-
Plg4 52.83 0.00 29.84 0.66 0.00 0.13 12.89 3.45 0.18 0.00 0.00 0.00 99.98 
D3A2L4-G3-
Plg5 52.80 0.00 29.31 0.65 0.00 0.13 12.78 3.56 0.16 0.00 0.00 0.00 99.39 
D3A2L4-G4-
Plg1 53.52 0.00 29.93 1.10 0.00 0.17 11.95 4.22 0.22 0.00 0.00 0.00 101.11 
D3A2L4-G4-
Plg2 53.70 0.14 29.26 0.97 0.00 0.19 11.54 4.37 0.25 0.00 0.00 0.00 100.42 
D3A2L4-G4-
Plg3 52.30 0.00 30.55 0.96 0.00 0.17 12.66 3.84 0.23 0.00 0.00 0.00 100.71 
D3A2L4-G4-
Plg4 52.30 0.00 30.31 1.09 0.00 0.21 12.39 3.85 0.24 0.00 0.00 0.00 100.39 
D3A2L4-G4-
Plg5 52.54 0.00 30.18 1.14 0.00 0.20 12.20 4.04 0.29 0.00 0.00 0.00 100.59 
D3A2L5-G1-
Plg1 50.19 0.00 30.70 0.89 0.00 0.00 13.67 3.28 0.20 0.00 0.00 0.00 98.93 
D3A2L5-G1-
Plg2 50.70 0.00 30.85 1.04 0.00 0.00 13.49 3.33 0.22 0.00 0.00 0.00 99.63 
D3A2L5-G1-
Plg3 51.31 0.00 30.51 1.01 0.00 0.00 13.24 3.57 0.23 0.00 0.00 0.00 99.87 
D3A2L5-G1-
Plg4 50.25 0.00 30.78 0.75 0.00 0.00 13.50 3.19 0.15 0.00 0.00 0.00 98.62 
D3A2L5-G1-
Plg5 50.66 0.00 30.83 0.88 0.00 0.00 13.72 3.19 0.21 0.00 0.00 0.00 99.49 
D3A2L5-G2-
Plg1 50.66 0.00 30.32 0.68 0.00 0.00 13.42 3.39 0.20 0.00 0.00 0.00 98.67 
D3A2L5-G2-
Plg2 51.57 0.00 30.00 0.99 0.00 0.00 12.68 3.71 0.24 0.00 0.00 0.00 99.19 
D3A2L5-G2-
Plg3 52.27 0.00 31.20 0.77 0.00 0.00 13.37 3.72 0.23 0.00 0.00 0.00 101.56 
D3A2L5-G2-
Plg4 51.61 0.00 31.08 0.97 0.00 0.00 13.44 3.50 0.23 0.00 0.00 0.00 100.83 
D3A2L5-G2-
Plg5 52.68 0.00 30.77 0.88 0.00 0.00 13.05 3.69 0.27 0.00 0.00 0.00 101.34 
D3A2L5-G3-
Plg1 51.15 0.00 30.61 0.93 0.00 0.00 13.37 3.40 0.25 0.00 0.00 0.00 99.71 
D3A2L5-G3-
Plg2 50.19 0.48 27.84 2.25 0.00 0.55 12.39 3.28 0.28 0.00 0.00 0.00 97.26 
D3A2L5-G3-
Plg3 50.68 0.00 31.32 0.83 0.00 0.00 13.77 3.20 0.20 0.00 0.00 0.00 100.00 
D3A2L5-G3-
Plg4 50.87 0.00 31.22 0.71 0.00 0.00 13.74 3.25 0.22 0.00 0.00 0.00 100.01 
D3A2L5-G4-
Plg1 52.54 0.00 30.25 1.11 0.00 0.00 12.83 3.83 0.28 0.00 0.00 0.00 100.84 
D3A2L5-G4-
Plg2 51.84 0.00 31.11 0.98 0.00 0.00 13.49 3.63 0.24 0.00 0.00 0.00 101.29 
D3A2L5-G4-
Plg3 51.14 0.00 30.76 0.82 0.00 0.00 13.21 3.46 0.27 0.00 0.00 0.00 99.66 
D3A2L5-G4-
Plg4 51.30 0.00 30.80 1.01 0.00 0.00 13.35 3.64 0.24 0.00 0.00 0.00 100.34 
D3A2L5-G5-
Plg1 52.28 0.00 30.10 0.75 0.00 0.00 12.86 3.67 0.32 0.00 0.00 0.00 99.98 
D3A2L5-G5-
Plg2 50.91 0.00 31.30 0.81 0.00 0.00 13.54 3.32 0.27 0.00 0.00 0.00 100.15 
D3A2L5-G5-




Plg4 53.05 0.00 30.51 1.12 0.00 0.00 13.04 3.76 0.32 0.00 0.00 0.00 101.80 
D3A2L5-G5-
Plg5 49.93 0.00 30.43 0.88 0.00 0.00 13.37 3.31 0.25 0.00 0.00 0.00 98.17 
D3A2L5-G5-
Plg6 51.32 0.00 30.25 1.11 0.00 0.00 12.96 3.56 0.23 0.00 0.00 0.00 99.43 
D3A2L6-G1-
Plg1 50.09 0.00 30.67 0.88 0.00 0.16 13.68 3.17 0.21 0.00 0.00 0.00 98.86 
D3A2L6-G1-
Plg2 50.79 0.00 30.42 0.85 0.00 0.14 13.07 3.47 0.19 0.00 0.00 0.00 98.93 
D3A2L6-G1-
Plg3 51.21 0.00 30.11 1.04 0.00 0.11 12.91 3.59 0.26 0.00 0.00 0.00 99.23 
D3A2L6-G1-
Plg4 51.16 0.00 29.61 1.20 0.00 0.00 12.71 3.65 0.28 0.00 0.00 0.00 98.61 
D3A2L6-G1-
Plg5 51.99 0.17 30.97 0.88 0.00 0.00 13.32 3.48 0.24 0.00 0.00 0.00 101.05 
D3A2L6-G2-
Plg1 52.53 0.18 30.05 0.82 0.00 0.18 12.53 3.76 0.27 0.00 0.00 0.00 100.32 
D3A2L6-G2-
Plg2 53.02 0.15 30.04 0.90 0.00 0.16 12.40 3.96 0.29 0.00 0.00 0.00 100.92 
D3A2L6-G2-
Plg3 51.67 0.00 30.20 0.80 0.00 0.16 12.90 3.63 0.23 0.00 0.00 0.00 99.59 
D3A2L6-G2-
Plg4 51.81 0.24 30.34 1.01 0.00 0.13 12.93 3.60 0.26 0.00 0.00 0.00 100.32 
D3A2L6-G2-
Plg5 51.67 0.00 29.83 1.11 0.00 0.15 12.51 3.68 0.20 0.00 0.00 0.00 99.15 
D3A2L6-G3-
Plg1 51.31 0.00 31.60 0.72 0.00 0.12 13.91 3.33 0.23 0.00 0.00 0.00 101.22 
D3A2L6-G3-
Plg2 54.04 0.15 29.52 0.92 0.00 0.19 11.77 4.24 0.37 0.00 0.00 0.00 101.20 
D3A2L6-G3-
Plg3 52.29 0.00 30.20 0.85 0.00 0.12 12.46 3.76 0.25 0.00 0.00 0.00 99.93 
D3A2L6-G3-
Plg4 52.20 0.00 31.10 0.96 0.00 0.18 13.31 3.45 0.22 0.00 0.00 0.00 101.42 
D3A2L6-G4-
Plg1 51.67 0.00 31.41 0.74 0.00 0.12 13.73 3.24 0.22 0.00 0.00 0.00 101.13 
D3A2L6-G4-
Plg2 52.17 0.16 30.73 0.92 0.00 0.15 13.07 3.69 0.20 0.00 0.00 0.00 101.09 
D3A2L6-G4-
Plg3 53.06 0.00 30.28 0.82 0.00 0.00 12.80 3.81 0.27 0.00 0.00 0.00 101.04 
D3A2L6-G4-
Plg4 49.28 0.18 31.10 0.93 0.00 0.00 14.32 2.91 0.19 0.00 0.00 0.00 98.91 
D3A2L7-G1-
Plg1 52.88 0.17 30.17 1.17 0.00 0.11 12.79 3.84 0.29 0.00 0.00 0.00 101.42 
D3A2L7-G1-
Plg2 52.67 0.00 30.35 1.26 0.00 0.10 12.78 3.81 0.22 0.00 0.00 0.00 101.19 
D3A2L7-G1-
Plg3 50.73 0.00 30.94 0.69 0.00 0.18 13.38 3.27 0.19 0.00 0.00 0.00 99.38 
D3A2L7-G1-
Plg4 50.94 0.00 30.98 0.87 0.00 0.14 13.66 3.24 0.21 0.00 0.00 0.00 100.04 
D3A2L7-G1-
Plg5 51.26 0.18 30.91 1.21 0.00 0.16 13.56 3.33 0.34 0.00 0.00 0.00 100.95 
D3A2L7-G2-
Plg1 51.44 0.00 31.12 0.92 0.00 0.13 13.68 3.38 0.23 0.00 0.00 0.00 100.90 
D3A2L7-G2-
Plg2 51.55 0.00 31.28 1.09 0.00 0.12 13.82 3.38 0.16 0.00 0.00 0.00 101.40 
D3A2L7-G2-
Plg3 51.51 0.00 30.96 1.06 0.00 0.20 13.64 3.50 0.26 0.00 0.00 0.00 101.13 
D3A2L7-G2-
Plg4 50.80 0.00 31.28 0.88 0.00 0.18 13.75 3.17 0.19 0.00 0.00 0.00 100.25 
D3A2L7-G3-
Plg1 52.61 0.00 30.78 0.86 0.00 0.00 13.11 3.69 0.27 0.00 0.00 0.00 101.32 
D3A2L7-G3-
Plg2 52.82 0.00 30.71 1.01 0.00 0.10 12.65 3.80 0.35 0.00 0.00 0.00 101.44 
D3A2L7-G3-
Plg3 51.50 0.00 30.09 1.00 0.00 0.17 12.97 3.45 0.25 0.00 0.00 0.00 99.43 
D3A2L7-G3-
Plg4 51.63 0.00 30.38 0.92 0.00 0.12 13.10 3.62 0.17 0.00 0.00 0.00 99.94 
D3A2L7-G4-
Plg1 51.89 0.00 29.89 0.92 0.00 0.21 12.52 3.76 0.32 0.00 0.00 0.00 99.51 
D3A2L7-G4-
Plg2 52.29 0.00 29.43 0.75 0.00 0.18 12.37 3.95 0.21 0.00 0.00 0.00 99.18 
D3A2L7-G4-
Plg3 50.86 0.00 29.96 0.87 0.00 0.11 13.12 3.42 0.28 0.00 0.00 0.00 98.62 
D3A2L7-G4-
Plg4 51.25 0.00 30.35 0.78 0.00 0.19 13.28 3.40 0.29 0.00 0.00 0.00 99.54 
D3A2L7-G4-
Plg5 51.53 0.00 31.07 1.03 0.00 0.14 13.66 3.53 0.21 0.00 0.00 0.00 101.17 
D3A2L7-G4-
Plg6 51.35 0.00 31.15 0.76 0.00 0.22 13.77 3.33 0.16 0.00 0.00 0.00 100.74 
D3A2L7-G5-
Plg1 52.22 0.00 30.91 0.92 0.00 0.14 13.27 3.58 0.26 0.00 0.00 0.00 101.30 
D3A2L7-G5-
Plg2 52.68 0.00 30.04 0.89 0.00 0.13 12.45 3.88 0.30 0.00 0.00 0.00 100.37 
D3A2L7-G5-
Plg3 52.23 0.00 30.53 0.85 0.00 0.18 12.89 3.74 0.18 0.00 0.00 0.00 100.60 
D3A2L7-G5-




Plg1 51.52 0.00 31.37 1.01 0.00 0.14 13.51 3.42 0.20 0.00 0.00 0.00 101.17 
D3A2L8-G1-
Plg2 51.42 0.00 30.86 1.02 0.00 0.22 13.58 3.34 0.19 0.00 0.00 0.00 100.63 
D3A2L8-G1-
Plg3 54.84 0.00 28.11 1.13 0.00 0.00 10.58 4.84 0.38 0.00 0.00 0.00 99.88 
D3A2L8-G1-
Plg4 54.38 0.00 28.86 1.27 0.00 0.20 11.13 4.62 0.29 0.00 0.00 0.00 100.75 
D3A2L8-G1-
Plg5 50.75 0.17 29.13 1.23 0.00 0.20 12.40 3.83 0.27 0.00 0.00 0.00 97.98 
D3A2L8-G2-
Plg1 52.84 0.00 30.21 0.99 0.00 0.18 12.61 3.92 0.26 0.00 0.00 0.00 101.01 
D3A2L8-G2-
Plg2 52.13 0.00 30.84 0.95 0.00 0.19 13.41 3.53 0.26 0.00 0.00 0.00 101.31 
D3A2L8-G2-
Plg3 51.14 0.00 31.30 1.07 0.00 0.19 13.58 3.30 0.24 0.00 0.00 0.00 100.82 
D3A2L8-G2-
Plg4 52.99 0.00 29.37 1.32 0.00 0.40 12.72 3.80 0.30 0.00 0.00 0.00 100.90 
D3A2L8-G2-
Plg5 51.05 0.34 29.06 2.03 0.00 0.94 12.94 3.41 0.28 0.00 0.00 0.00 100.05 
D3A2L8-G3-
Plg1 51.49 0.00 30.06 0.69 0.00 0.23 12.95 3.58 0.23 0.00 0.00 0.00 99.23 
D3A2L8-G3-
Plg2 51.29 0.00 30.65 0.96 0.00 0.15 13.26 3.41 0.17 0.00 0.00 0.00 99.89 
D3A2L8-G3-
Plg3 51.59 0.00 30.46 0.91 0.00 0.14 12.75 3.63 0.26 0.00 0.00 0.00 99.74 
D3A2L8-G3-
Plg4 52.57 0.00 30.40 0.86 0.00 0.00 12.70 3.69 0.28 0.00 0.00 0.00 100.50 
D3A2L8-G3-
Plg5 51.26 0.00 31.03 0.84 0.00 0.18 13.39 3.44 0.23 0.00 0.00 0.00 100.37 
D3A2L8-G4-
Plg1 52.43 0.00 28.61 0.96 0.00 0.17 11.78 4.09 0.25 0.00 0.00 0.00 98.29 
D3A2L8-G4-
Plg2 51.42 0.00 30.10 0.94 0.00 0.22 12.77 3.63 0.28 0.00 0.00 0.00 99.36 
D3A2L8-G4-
Plg3 50.12 0.00 30.19 0.77 0.00 0.24 13.42 3.34 0.17 0.00 0.00 0.00 98.25 
D3A2L8-G4-
Plg4 52.32 0.00 30.68 0.87 0.00 0.20 13.17 3.55 0.21 0.00 0.00 0.00 101.00 
D3A2L8-G5-
Plg1 51.23 0.00 30.16 0.90 0.00 0.19 12.85 3.59 0.21 0.00 0.00 0.00 99.13 
D3A2L8-G5-
Plg2 51.07 0.00 29.84 0.86 0.00 0.28 12.87 3.48 0.25 0.00 0.00 0.00 98.65 
D3A2L8-G5-
Plg3 52.23 0.00 29.59 1.06 0.00 0.19 12.42 3.81 0.27 0.00 0.00 0.00 99.57 
D3A2L8-G5-
Plg4 50.92 0.00 30.58 1.06 0.00 0.17 13.23 3.43 0.24 0.00 0.00 0.00 99.63 
D3A2L8-G5-
Plg5 51.15 0.00 30.62 0.98 0.29 0.18 13.28 3.45 0.25 0.00 0.00 0.00 100.20 
D3A2L9-G1-
Plg1 49.87 0.69 25.32 5.90 0.00 2.23 11.63 3.14 0.49 0.00 0.00 0.29 99.56 
D3A2L9-G1-
Plg2 51.87 0.29 28.85 1.46 0.00 0.43 12.45 3.71 0.24 0.00 0.00 0.00 99.30 
D3A2L9-G1-
Plg3 52.02 0.00 30.51 0.90 0.00 0.17 13.43 3.51 0.19 0.00 0.00 0.00 100.73 
D3A2L9-G1-
Plg4 51.31 0.00 30.73 1.12 0.00 0.00 13.45 3.40 0.28 0.00 0.00 0.00 100.29 
D3A2L9-G1-
Plg5 50.91 0.00 29.51 0.77 0.00 0.12 12.21 3.78 0.21 0.00 0.00 0.00 97.51 
D3A2L9-G2-
Plg1 52.01 0.00 30.26 0.76 0.00 0.16 12.79 3.71 0.20 0.00 0.00 0.00 99.89 
D3A2L9-G2-
Plg2 52.92 0.00 30.36 0.95 0.00 0.00 12.75 3.83 0.25 0.00 0.00 0.00 101.06 
D3A2L9-G2-
Plg3 51.62 0.00 30.37 0.94 0.00 0.17 12.60 3.74 0.25 0.00 0.00 0.00 99.69 
D3A2L9-G2-
Plg4 51.37 0.00 30.28 0.94 0.00 0.20 13.01 3.54 0.26 0.00 0.00 0.00 99.60 
D3A2L9-G3-
Plg1 50.60 0.17 30.34 0.74 0.00 0.16 13.22 3.41 0.19 0.00 0.00 0.00 98.83 
D3A2L9-G3-
Plg2 51.05 0.00 30.18 0.92 0.00 0.15 13.07 3.45 0.20 0.00 0.00 0.00 99.02 
D3A2L9-G3-
Plg3 50.60 0.00 30.16 0.73 0.00 0.20 12.94 3.49 0.29 0.00 0.00 0.00 98.41 
D3A2L9-G3-
Plg4 51.50 0.00 30.18 1.02 0.00 0.18 13.16 3.37 0.17 0.00 0.00 0.00 99.58 
D3A2L9-G4-
Plg1 50.71 0.00 30.90 0.68 0.00 0.20 13.33 3.30 0.24 0.00 0.00 0.00 99.36 
D3A2L9-G4-
Plg2 50.93 0.00 30.59 0.87 0.00 0.19 13.41 3.38 0.22 0.00 0.00 0.00 99.59 
D3A2L9-G4-
Plg3 51.62 0.00 30.84 0.81 0.00 0.12 13.17 3.66 0.25 0.00 0.00 0.00 100.47 
D3A2L9-G4-
Plg4 51.29 0.00 29.03 1.06 0.00 0.13 12.27 3.79 0.28 0.00 0.00 0.00 97.85 
D3A2L9-G4-
Plg5 51.52 0.00 31.19 1.13 0.00 0.19 13.37 3.39 0.28 0.00 0.00 0.00 101.07 
D3A2L10-G1-
Plg1 51.24 0.00 30.48 0.78 0.00 0.20 13.03 3.48 0.20 0.00 0.00 0.00 99.41 
D3A2L10-G1-




Plg3 52.28 0.19 29.05 1.06 0.00 0.21 12.12 3.93 0.35 0.00 0.00 0.00 99.19 
D3A2L10-G1-
Plg4 51.55 0.21 29.63 1.17 0.00 0.18 12.38 3.63 0.24 0.00 0.00 0.00 98.99 
D3A2L10-G1-
Plg5 52.65 0.00 28.99 1.27 0.00 0.20 11.90 4.01 0.32 0.00 0.00 0.00 99.34 
D3A2L10-G1-
Plg6 52.59 0.00 29.31 0.92 0.00 0.18 12.05 4.05 0.33 0.00 0.00 0.00 99.43 
D3A2L10-G2-
Plg1 52.43 0.00 29.62 0.94 0.00 0.21 12.49 3.86 0.30 0.00 0.00 0.00 99.85 
D3A2L10-G2-
Plg2 50.48 0.00 30.52 1.12 0.00 0.16 13.29 3.29 0.21 0.00 0.00 0.00 99.07 
D3A2L10-G2-
Plg3 50.89 0.00 30.60 0.84 0.00 0.15 13.21 3.44 0.23 0.00 0.00 0.00 99.36 
D3A2L10-G2-
Plg4 50.76 0.00 30.18 1.09 0.00 0.17 12.75 3.53 0.26 0.00 0.00 0.00 98.74 
D3A2L10-G3-
Plg1 52.16 0.00 29.59 1.35 0.00 0.19 12.30 3.87 0.35 0.00 0.00 0.00 99.81 
D3A2L10-G3-
Plg2 51.75 0.00 29.54 1.19 0.00 0.12 12.36 3.88 0.29 0.00 0.20 0.00 99.33 
D3A2L10-G3-
Plg3 52.44 0.00 30.58 0.99 0.00 0.12 12.88 3.76 0.20 0.00 0.00 0.00 100.97 
D3A2L10-G3-
Plg4 53.74 0.00 28.09 0.94 0.00 0.16 10.92 4.45 0.38 0.00 0.00 0.00 98.68 
D3A2L10-G3-
Plg5 52.24 0.00 29.67 1.08 0.00 0.18 12.26 3.82 0.29 0.00 0.00 0.00 99.54 
D3A2L10-G4-
Plg1 55.37 0.00 28.30 0.85 0.00 0.13 10.47 4.86 0.30 0.00 0.00 0.00 100.28 
D3A2L10-G4-
Plg2 51.93 0.00 30.59 0.94 0.00 0.18 13.14 3.54 0.23 0.00 0.00 0.00 100.55 
D3A2L10-G4-
Plg3 51.02 0.17 30.72 0.98 0.00 0.22 13.55 3.35 0.28 0.00 0.00 0.00 100.29 
D3A2L10-G4-
Plg4 51.83 0.00 30.65 0.95 0.00 0.22 13.44 3.38 0.21 0.00 0.00 0.00 100.68 
D3A2L10-G4-
Plg5 51.07 0.00 30.12 0.90 0.00 0.13 13.00 3.28 0.22 0.00 0.00 0.00 98.72 
D3A2L10-G5-
Plg1 54.70 0.00 28.58 1.02 0.00 0.17 11.01 4.52 0.36 0.00 0.00 0.00 100.36 
D3A2L10-G5-
Plg2 52.98 0.00 29.93 0.89 0.00 0.27 12.31 3.75 0.18 0.00 0.00 0.00 100.31 
D3A2L10-G5-
Plg3 51.45 0.00 30.74 0.76 0.00 0.18 13.20 3.53 0.23 0.00 0.00 0.00 100.09 
D3A2L10-G5-
Plg4 52.41 0.00 29.69 0.99 0.00 0.26 11.86 3.99 0.26 0.00 0.00 0.00 99.46 
D3A2L10-G5-
Plg5 50.64 0.00 31.02 0.93 0.00 0.00 13.40 3.25 0.21 0.00 0.00 0.00 99.45 
D3A2L11-G1-
Plg1 51.58 0.00 31.36 0.83 0.00 0.15 13.84 3.36 0.22 0.00 0.00 0.00 101.34 
D3A2L11-G1-
Plg2 50.37 0.00 30.00 0.78 0.00 0.24 12.98 3.34 0.24 0.00 0.00 0.00 97.95 
D3A2L11-G1-
Plg3 52.26 0.26 29.71 1.10 0.00 0.43 12.95 3.60 0.24 0.00 0.00 0.00 100.55 
D3A2L11-G2-
Plg1 51.91 0.00 31.20 0.85 0.00 0.21 13.90 3.35 0.20 0.00 0.22 0.00 101.84 
D3A2L11-G2-
Plg2 52.82 0.00 30.77 0.91 0.00 0.22 13.33 3.68 0.16 0.00 0.00 0.00 101.89 
D3A2L11-G2-
Plg3 52.88 0.00 30.79 0.89 0.00 0.14 12.96 3.82 0.29 0.00 0.00 0.00 101.77 
D3A2L11-G2-
Plg4 51.60 0.19 29.55 0.94 0.00 0.22 12.43 3.78 0.26 0.00 0.00 0.00 98.97 
D3A2L11-G2-
Plg5 52.39 0.00 29.75 0.75 0.00 0.20 12.55 3.84 0.34 0.00 0.00 0.00 99.82 
D3A2L11-G3-
Plg1 51.69 0.00 30.35 0.88 0.00 0.16 12.32 4.04 0.22 0.00 0.22 0.25 100.13 
D3A2L11-G3-
Plg2 50.51 0.00 31.24 1.18 0.00 0.21 13.22 3.50 0.00 0.00 0.00 0.20 100.06 
D3A2L11-G3-
Plg3 51.84 0.00 30.58 1.06 0.00 0.13 12.60 3.92 0.22 0.00 0.00 0.00 100.35 
D3A2L11-G3-
Plg4 50.56 0.00 31.66 0.82 0.00 0.17 13.36 3.36 0.18 0.00 0.00 0.26 100.37 
D3A2L11-G4-
Plg1 50.49 0.17 30.26 1.25 0.00 0.15 12.53 3.81 0.18 0.00 0.00 0.27 99.11 
D3A2L11-G4-
Plg2 50.47 0.00 30.45 1.26 0.00 0.19 12.69 3.65 0.15 0.00 0.00 0.18 99.04 
D3A2L11-G4-
Plg3 50.59 0.00 30.20 1.08 0.00 0.19 12.70 3.76 0.19 0.00 0.26 0.23 99.20 
D3A2L11-G4-
Plg4 50.53 0.00 30.12 1.00 0.00 0.12 12.68 3.72 0.15 0.00 0.00 0.00 98.32 
D3A2L11-G5-
Plg1 50.56 0.00 31.10 0.73 0.00 0.25 13.01 3.60 0.11 0.00 0.00 0.00 99.36 
D3A2L11-G5-
Plg2 50.75 0.00 31.21 0.80 0.00 0.25 13.28 3.72 0.00 0.00 0.00 0.00 100.01 
D3A2L11-G5-
Plg3 51.42 0.18 30.30 0.62 0.00 0.24 12.56 3.93 0.13 0.00 0.24 0.00 99.62 
D3A2L11-G5-
Plg4 50.64 0.00 30.70 0.92 0.00 0.19 12.69 3.80 0.13 0.00 0.00 0.20 99.27 
D3A2L11-G5-




Plg1 49.75 0.00 31.87 0.77 0.00 0.18 13.99 3.26 0.11 0.00 0.00 0.22 100.15 
D3A2L12-G1-
Plg2 51.17 0.00 30.88 0.83 0.00 0.15 12.73 3.80 0.11 0.00 0.00 0.00 99.67 
D3A2L12-G1-
Plg3 51.44 0.00 30.52 0.89 0.00 0.14 12.43 3.79 0.16 0.00 0.21 0.00 99.58 
D3A2L12-G1-
Plg4 50.75 0.00 31.18 0.89 0.00 0.24 13.08 3.59 0.12 0.22 0.00 0.22 100.29 
D3A2L12-G1-
Plg5 51.37 0.00 30.63 1.10 0.00 0.17 12.69 3.93 0.23 0.00 0.33 0.00 100.45 
D3A2L12-G2-
Plg1 51.28 0.00 31.25 0.77 0.00 0.18 13.18 3.69 0.12 0.00 0.00 0.00 100.47 
D3A2L12-G2-
Plg2 50.97 0.21 30.84 0.89 0.00 0.16 13.12 3.75 0.15 0.00 0.00 0.32 100.41 
D3A2L12-G2-
Plg3 51.00 0.00 30.60 1.09 0.00 0.20 12.87 3.85 0.00 0.00 0.00 0.00 99.61 
D3A2L12-G2-
Plg4 50.10 0.25 30.00 1.92 0.00 0.68 12.99 3.42 0.25 0.26 0.00 0.00 99.87 
D3A2L12-G3-
Plg1 50.37 0.00 30.86 0.79 0.00 0.14 13.08 3.62 0.00 0.00 0.26 0.00 99.12 
D3A2L12-G3-
Plg2 52.17 0.00 31.16 0.90 0.00 0.20 12.72 3.92 0.16 0.00 0.25 0.00 101.48 
D3A2L12-G3-
Plg3 51.13 0.00 30.61 0.87 0.00 0.16 12.77 3.85 0.11 0.00 0.00 0.00 99.50 
D3A2L12-G3-
Plg4 50.86 0.19 31.62 1.00 0.00 0.19 13.30 3.65 0.12 0.22 0.00 0.18 101.33 
D3A2L12-G4-
Plg1 50.37 0.21 30.75 0.68 0.00 0.17 12.87 3.59 0.15 0.00 0.00 0.00 98.79 
D3A2L12-G4-
Plg2 51.15 0.00 30.41 0.78 0.00 0.17 12.45 3.68 0.16 0.00 0.00 0.18 98.98 
D3A2L12-G4-
Plg3 50.48 0.00 30.36 0.86 0.00 0.17 12.59 3.88 0.17 0.00 0.00 0.26 98.77 
D3A2L12-G4-
Plg4 50.98 0.00 31.33 0.91 0.00 0.18 13.10 3.61 0.13 0.00 0.00 0.00 100.24 
D3A2L12-G5-
Plg1 51.17 0.00 31.10 0.87 0.00 0.19 13.14 3.77 0.20 0.00 0.00 0.00 100.44 
D3A2L12-G5-
Plg2 51.47 0.00 30.45 0.65 0.00 0.19 12.36 3.93 0.19 0.00 0.00 0.21 99.45 
D3A2L12-G5-
Plg3 51.97 0.00 30.11 0.85 0.00 0.18 12.45 3.99 0.16 0.00 0.00 0.24 99.95 
D3A2L12-G5-
Plg4 50.60 0.00 31.35 0.85 0.00 0.15 13.35 3.61 0.15 0.00 0.00 0.00 100.06 
D3A2L12-G5-
Plg5 51.41 0.00 30.16 1.09 0.00 0.25 12.69 3.93 0.15 0.00 0.00 0.00 99.68 
 
C4. Pahvant Butte (mound) olivine major-element analysis 
LABEL SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Cr2O3 P2O5 Total 
D3A2L1-G1-
Ol1 37.12 0.00 0.00 25.08 0.47 36.98 0.20 0.00 0.00 0.00 0.26 100.11 
D3A2L1-G1-
Ol2 37.19 0.00 0.00 24.99 0.53 36.84 0.22 0.00 0.00 0.00 0.00 99.77 
D3A2L1-G1-
Ol3 37.38 0.00 0.00 24.60 0.42 36.80 0.31 0.00 0.00 0.00 0.00 99.51 
D3A2L1-G1-
Ol4 37.00 0.00 0.00 24.92 0.00 36.92 0.29 0.00 0.00 0.00 0.00 99.13 
D3A2L1-G1-
Ol5 37.32 0.00 0.00 25.15 0.40 37.09 0.32 0.00 0.00 0.00 0.00 100.28 
D3A2L1-G2-
Ol1 37.48 0.00 0.00 24.68 0.45 36.94 0.25 0.00 0.00 0.00 0.00 99.80 
D3A2L1-G2-
Ol2 37.57 0.00 0.00 25.29 0.44 36.59 0.22 0.00 0.00 0.00 0.00 100.11 
D3A2L1-G2-
Ol3 36.80 0.00 0.00 24.23 0.53 36.54 0.32 0.00 0.00 0.00 0.00 98.42 
D3A2L1-G2-
Ol4 37.56 0.00 0.00 25.12 0.43 36.89 0.29 0.00 0.00 0.00 0.00 100.29 
D3A2L1-G2-
Ol5 36.93 0.00 0.00 24.76 0.32 36.29 0.36 0.00 0.00 0.00 0.00 98.66 
D3A2L1-G2-
Ol6 37.60 0.00 0.00 24.63 0.51 36.91 0.25 0.00 0.00 0.00 0.00 99.90 
D3A2L1-G2-
Ol7 37.32 0.00 0.00 23.78 0.30 36.70 0.15 0.00 0.00 0.00 0.00 98.25 
D3A2L1-G3-
Ol1 37.66 0.00 0.00 25.38 0.47 37.43 0.24 0.00 0.00 0.00 0.00 101.18 
D3A2L1-G3-
Ol2 38.07 0.00 0.00 25.59 
 37.58 0.33 0.00 0.00 0.00 0.00 101.57 
D3A2L1-G3-
Ol3 37.40 0.00 0.00 25.36 0.45 37.02 0.24 0.00 0.00 0.00 0.00 100.47 
D3A2L1-G3-
Ol4 37.69 0.00 0.00 24.87 0.46 37.32 0.30 0.00 0.00 0.00 0.00 100.64 
D3A2L1-G3-
Ol5 37.92 0.00 0.00 25.13 0.27 37.04 0.28 0.00 0.00 0.00 0.00 100.64 
D3A2L1-G3-




Ol1 36.69 0.00 0.00 24.28 0.41 36.28 0.23 0.00 0.00 0.00 0.00 97.89 
D3A2L1-G4-
Ol2 36.71 0.00 0.00 26.55 0.47 34.90 0.28 0.00 0.00 0.00 0.00 98.91 
D3A2L1-G4-
Ol3 37.81 0.00 0.00 25.82 0.45 37.00 0.18 0.00 0.00 0.00 0.00 101.26 
D3A2L1-G4-
Ol4 37.55 0.00 0.00 24.51 0.50 36.79 0.37 0.00 0.00 0.00 0.00 99.72 
D3A2L1-G5-
Ol1 38.45 0.00 0.00 25.08 0.44 37.98 0.27 0.00 0.00 0.00 0.00 102.22 
D3A2L1-G5-
Ol2 37.82 0.00 0.00 26.15 0.51 36.68 0.24 0.00 0.00 0.00 0.00 101.40 
D3A2L1-G5-
Ol3 37.09 0.00 0.00 24.60 0.65 36.75 0.25 0.00 0.00 0.00 0.00 99.34 
D3A2L2-G1-
Ol1 37.46 0.00 0.00 24.67 0.54 37.57 0.21 0.00 0.00 0.00 0.00 100.45 
D3A2L2-G1-
Ol2 37.47 0.00 0.00 23.90 0.54 37.15 0.27 0.00 0.00 0.00 0.00 99.33 
D3A2L2-G1-
Ol3 37.70 0.00 0.00 24.54 0.53 37.40 0.26 0.00 0.00 0.00 0.00 100.43 
D3A2L2-G1-
Ol4 37.77 0.00 0.00 24.23 0.57 37.54 0.16 0.00 0.00 0.00 0.00 100.27 
D3A2L2-G1-
Ol5 37.48 0.00 0.00 24.33 0.45 37.21 0.27 0.00 0.00 0.00 0.00 99.74 
D3A2L2-G3-
Ol1 37.22 0.00 0.00 24.56 0.44 37.84 0.30 0.00 0.00 0.00 0.00 100.36 
D3A2L2-G3-
Ol2 37.25 0.00 0.19 24.38 0.46 37.11 0.27 0.00 0.00 0.00 0.00 99.66 
D3A2L2-G3-
Ol3 37.14 0.00 0.00 24.24 0.48 38.02 0.28 0.00 0.00 0.00 0.00 100.16 
D3A2L2-G3-
Ol4 38.04 0.00 0.00 24.73 0.36 37.41 0.25 0.00 0.00 0.00 0.00 100.79 
D3A2L2-G4-
Ol1 38.28 0.00 0.00 24.08 0.47 37.85 0.29 0.00 0.00 0.00 0.00 100.97 
D3A2L2-G4-
Ol2 38.25 0.00 0.00 24.16 0.33 38.10 0.30 0.00 0.00 0.00 0.00 101.14 
D3A2L2-G4-
Ol3 37.74 0.00 0.00 24.79 0.29 37.50 0.27 0.00 0.00 0.00 0.00 100.59 
D3A2L2-G4-
Ol4 38.14 0.00 0.00 24.33 0.34 37.56 0.24 0.00 0.00 0.00 0.00 100.61 
D3A2L2-G4-
Ol5 37.79 0.00 0.00 24.88 0.31 37.34 0.30 0.00 0.00 0.00 0.00 100.62 
D3A2L3-G1-
Ol1 37.65 0.00 0.00 24.30 0.62 38.12 0.19 0.00 0.00 0.00 0.00 100.88 
D3A2L3-G1-
Ol2 37.75 0.00 0.00 23.65 0.40 37.81 0.33 0.00 0.00 0.00 0.00 99.94 
D3A2L3-G1-
Ol3 37.75 0.00 0.00 24.64 0.27 37.79 0.24 0.00 0.00 0.00 0.00 100.69 
D3A2L3-G2-
Ol1 37.69 0.00 0.00 23.29 0.00 38.04 0.21 0.00 0.00 0.00 0.00 99.23 
D3A2L3-G2-
Ol2 38.10 0.00 0.00 23.93 0.38 38.01 0.23 0.00 0.00 0.00 0.00 100.65 
D3A2L3-G2-
Ol3 37.19 0.00 0.00 20.87 0.24 38.25 0.00 0.00 0.00 0.00 0.00 96.55 
D3A2L3-G2-
Ol4 37.27 0.00 0.00 23.08 0.40 37.54 0.24 0.00 0.00 0.00 0.00 98.53 
D3A2L3-G2-
Ol5 38.54 0.00 0.00 23.57 0.37 38.55 0.29 0.00 0.00 0.00 0.00 101.32 
D3A2L3-G1-
Ol1 36.99 0.00 0.00 23.49 0.48 37.68 0.22 0.00 0.00 0.00 0.33 99.19 
D3A2L3-G1-
Ol2 37.59 0.00 0.00 22.83 0.32 38.25 0.19 0.00 0.00 0.00 0.27 99.45 
D3A2L3-G1-
Ol3 37.42 0.00 0.00 23.54 0.30 37.96 0.20 0.00 0.00 0.00 0.00 99.42 
D3A2L3-G1-
Ol4 37.61 0.00 0.00 22.87 0.63 37.39 0.33 0.00 0.00 0.00 0.00 98.83 
D3A2L3-G1-
Ol5 37.84 0.21 0.72 24.06 0.28 36.22 0.63 0.00 0.13 0.00 0.00 100.09 
D3A2L3-G4-
Ol1 37.38 0.00 0.00 23.38 0.38 37.53 0.23 0.00 0.00 0.00 0.00 98.90 
D3A2L3-G4-
Ol3 38.43 0.00 0.00 23.72 0.40 38.32 0.30 0.00 0.00 0.00 0.00 101.17 
D3A2L3-G4-
Ol4 38.28 0.00 0.00 23.89 0.39 37.82 0.32 0.00 0.00 0.00 0.00 100.70 
D3A2L3-G5-
Ol1 36.87 0.00 0.00 22.57 0.43 37.06 0.37 0.00 0.00 0.00 0.00 97.30 
D3A2L3-G5-
Ol2 37.53 0.00 0.00 22.90 0.42 37.93 0.34 0.00 0.00 0.00 0.00 99.12 
D3A2L3-G5-
Ol3 37.39 0.00 0.00 23.30 0.54 37.29 0.36 0.00 0.00 0.00 0.00 98.88 
D3A2L4-G1-
Ol1 38.05 0.00 0.18 22.97 0.46 38.67 0.18 0.00 0.00 0.00 0.00 100.51 
D3A2L4-G1-
Ol2 38.73 0.00 0.00 22.81 0.28 39.06 0.28 0.00 0.00 0.00 0.00 101.16 
D3A2L4-G1-
Ol3 37.67 0.00 0.00 23.34 0.45 38.73 0.28 0.00 0.00 0.00 0.00 100.47 
D3A2L4-G1-




Ol1 38.09 0.00 0.00 23.02 0.28 38.87 0.25 0.00 0.00 0.00 0.00 100.51 
D3A2L4-G2-
Ol2 38.23 0.00 0.00 23.54 0.57 38.57 0.24 0.00 0.00 0.00 0.00 101.15 
D3A2L4-G2-
Ol3 38.39 0.00 0.00 22.90 0.37 38.93 0.28 0.00 0.00 0.00 0.00 100.87 
D3A2L4-G2-
Ol4 38.16 0.00 0.00 23.57 0.42 38.95 0.35 0.00 0.00 0.00 0.00 101.45 
D3A2l4-G3-
Ol1 37.25 0.00 0.00 23.38 0.38 37.68 0.22 0.00 0.00 0.00 0.00 98.91 
D3A2l4-G3-
Ol2 37.29 0.00 0.00 23.26 0.25 37.68 0.34 0.00 0.00 0.00 0.00 98.82 
D3A2l4-G3-
Ol3 37.59 0.00 0.00 23.02 0.57 37.68 0.31 0.00 0.00 0.00 0.00 99.17 
D3A2l4-G3-
Ol4 37.45 0.00 0.00 23.03 0.35 37.48 0.30 0.00 0.00 0.00 0.00 98.61 
D3A2l4-G3-
Ol5 37.92 0.00 0.00 23.65 0.40 38.41 0.30 0.00 0.00 0.00 0.00 100.68 
D3A2L4-G4-
Ol1 37.69 0.00 0.00 22.7 0.34 38.52 0.32 0.00 0.00 0.00 0.00 99.57 
D3A2L4-G4-
Ol2 37.75 0.00 0.00 23.04 0.44 39.01 0.21 0.00 0.00 0.00 0.00 100.45 
D3A2L4-G4-
Ol3 37.5 0.00 0.00 23.27 0.39 37.71 0.33 0.00 0.00 0.00 0.00 99.20 
D3A2L4-G4-
Ol4 37.96 0.00 0.00 22.69 0.42 38.47 0.27 0.00 0.00 0.00 0.00 99.81 
D3A2L4-G4-
Ol5 38.06 0.00 0.00 22.88 0.34 38.4 0.32 0.00 0.00 0.00 0.00 100.00 
D3A2L5-G1-
Ol1 37.79 0.00 0.00 22.35 0.29 38.54 0.24 0.00 0.00 0.00 0.00 99.21 
D3A2L5-G1-
Ol2 37.90 0.00 0.00 21.83 0.29 38.58 0.23 0.00 0.00 0.00 0.00 98.83 
D3A2L5-G1-
Ol3 37.82 0.00 0.00 22.83 0.00 38.01 0.32 0.00 0.00 0.00 0.00 98.98 
D3A2L5-G2-
Ol1 37.28 0.00 0.00 21.99 0.00 37.68 0.34 0.00 0.00 0.00 0.00 97.29 
D3A2L5-G2-
Ol2 37.42 0.00 0.46 23.60 0.33 36.04 0.53 0.00 0.00 0.00 0.00 98.38 
D3A2L5-G2-
Ol3 37.57 0.00 0.00 22.18 0.33 38.56 0.38 0.00 0.00 0.00 0.00 99.02 
D3A2L5-G2-
Ol4 37.88 0.00 0.00 22.28 0.00 38.36 0.27 0.00 0.00 0.00 0.00 98.79 
D3A2L5-G2-
Ol5 38.07 0.00 0.00 21.89 0.35 38.55 0.31 0.00 0.00 0.00 0.00 99.17 
D3A2L5-G3-
Ol1 37.53 0.00 0.00 22.06 0.42 38.17 0.36 0.00 0.00 0.00 0.00 98.54 
D3A2L5-G3-
Ol2 37.02 0.00 0.00 22.20 0.45 37.89 0.27 0.00 0.00 0.00 0.00 97.83 
D3A2L5-G3-
Ol3 37.53 0.00 0.00 22.13 0.30 38.26 0.36 0.00 0.00 0.00 0.00 98.58 
D3A2L5-G3-
Ol4 37.21 0.00 0.00 22.93 0.34 37.64 0.28 0.00 0.00 0.00 0.00 98.40 
D3A2L5-G3-
Ol5 38.21 0.00 0.00 22.35 0.44 38.27 0.41 0.00 0.00 0.00 0.00 99.68 
D3A2L5-G4-
Ol1 37.75 0.00 0.00 22.03 0.38 38.40 0.22 0.00 0.00 0.00 0.00 98.78 
D3A2L5-G4-
Ol2 37.53 0.00 0.00 22.28 0.42 38.29 0.33 0.00 0.00 0.00 0.00 98.85 
D3A2L5-G4-
Ol3 38.68 0.00 0.00 22.55 0.36 39.14 0.21 0.00 0.00 0.00 0.00 100.94 
D3A2L5-G4-
Ol4 37.89 0.00 0.00 22.22 0.26 38.30 0.39 0.00 0.00 0.00 0.00 99.06 
D3A2L5-G5-
Ol1 37.33 0.00 0.00 24.59 0.43 36.70 0.23 0.00 0.00 0.00 0.00 99.28 
D3A2L5-G5-
Ol2 37.72 0.00 0.00 24.16 0.37 37.02 0.22 0.00 0.00 0.00 0.00 99.49 
D3A2L5-G5-
Ol3 38.13 0.00 0.00 23.07 0.00 38.58 0.20 0.00 0.00 0.00 0.00 99.98 
D3A2L5-G5-
Ol4 37.83 0.00 0.00 24.61 0.00 37.57 0.19 0.00 0.00 0.00 0.00 100.20 
D3A2L6-G1-
Ol1 38.34 0.00 0.00 22.59 0.25 38.92 0.29 0.00 0.00 0.00 0.00 100.39 
D3A2L6-G1-
Ol2 38.34 0.00 0.00 22.65 0.35 38.67 0.32 0.00 0.00 0.00 0.00 100.33 
D3A2L6-G1-
Ol3 37.66 0.00 0.00 22.25 0.23 38.64 0.26 0.00 0.00 0.00 0.00 99.04 
D3A2L6-G1-
Ol4 38.01 0.00 0.00 22.01 0.38 38.41 0.29 0.00 0.00 0.00 0.00 99.10 
D3A2L6-G2-
Ol1 37.71 0.00 0.00 22.55 0.35 38.35 0.21 0.00 0.00 0.00 0.00 99.17 
D3A2L6-G2-
Ol2 38.21 0.00 0.00 22.69 0.37 38.71 0.31 0.00 0.00 0.00 0.00 100.29 
D3A2L6-G2-
Ol3 38.48 0.00 0.00 22.6 0.28 38.98 0.29 0.00 0.00 0.00 0.00 100.63 
D3A2L6-G2-
Ol4 37.64 0.00 0.00 21.93 0.4 38.31 0.26 0.00 0.00 0.00 0.00 98.54 
D3A2L6-G2-




Ol1 38.17 0.00 0.00 22.1 0.37 38.95 0.34 0.00 0.00 0.00 0.00 99.93 
D3A2L6-G3-
Ol2 38.2 0.00 0.00 22.54 0.28 39.21 0.28 0.00 0.00 0.00 0.00 100.51 
D3A2L6-G3-
Ol3 38.01 0.00 0.00 22.65 0.34 39.05 0.3 0.00 0.00 0.00 0.00 100.35 
D3A2L6-G3-
Ol4 37.7 0.00 0.00 22.15 0.28 38.41 0.29 0.00 0.00 0.00 0.00 98.83 
D3A2L6-G3-
Ol5 38.06 0.00 0.00 22.49 0.41 38.5 0.3 0.00 0.00 0.00 0.00 99.76 
D3A2L6-G4-
Ol1 38.18 0.00 0.00 22.24 0.26 38.61 0.27 0.00 0.00 0.00 0.00 99.56 
D3A2L6-G4-
Ol2 38.08 0.00 0.00 22.4 0.32 38.42 0.31 0.00 0.00 0.00 0.00 99.53 
D3A2L6-G4-
Ol3 38.14 0.00 0.00 22.3 0.36 38.67 0.28 0.00 0.00 0.00 0.00 99.75 
D3A2L6-G4-
Ol4 38.2 0.00 0.00 22.4 0.31 39.3 0.36 0.00 0.00 0.00 0.00 100.57 
D3A2L7-G1-
Ol1 38.4 0.00 0.00 23.68 0.36 38.58 0.21 0.00 0.00 0.00 0.00 101.23 
D3A2L7-G1-
Ol2 38.18 0.00 0.00 23.43 0.36 38.62 0.3 0.00 0.00 0.00 0.00 100.89 
D3A2L7-G1-
Ol3 38.62 0.00 0.00 22.75 0.38 39.66 0.29 0.00 0.00 0.00 0.00 101.70 
D3A2L7-G1-
Ol4 38.54 0.00 0.00 22.77 0.48 39.41 0.34 0.00 0.00 0.00 0.00 101.54 
D3A2L7-G2-
Ol1 37.6 0.00 0.00 22.08 0.36 38.23 0.19 0.00 0.00 0.00 0.00 98.46 
D3A2L7-G2-
Ol2 37.41 0.00 0.00 22.21 0.26 37.78 0.28 0.00 0.00 0.00 0.00 97.94 
D3A2L7-G2-
Ol3 37.97 0.00 0.00 22.27 0.48 38.85 0.23 0.00 0.00 0.00 0.00 99.80 
D3A2L7-G2-
Ol4 37.57 0.00 0.00 22.44 0.39 38.47 0.26 0.00 0.00 0.00 0.00 99.13 
D3A2L7-G3-
Ol1 37.86 0.00 0.00 22.39 0.32 38.28 0.25 0.00 0.00 0.00 0.00 99.10 
D3A2L7-G3-
Ol2 37.79 0.00 0.00 22.45 0.28 38.48 0.25 0.00 0.00 0.00 0.00 99.25 
D3A2L7-G3-
Ol3 37.8 0.00 0.00 22 0.33 38.17 0.27 0.00 0.00 0.00 0.00 98.57 
D3A2L7-G3-
Ol4 37.87 0.00 0.00 22.44 0.32 38.34 0.38 0.00 0.00 0.00 0.00 99.35 
D3A2L7-G4-
Ol1 38.37 0.00 0.36 21.97 0.32 38.09 0.36 0.00 0.00 0.00 0.00 99.47 
D3A2L7-G4-
Ol2 38.27 0.00 0.21 22.40 0.50 38.21 0.31 0.00 0.00 0.00 0.00 99.90 
D3A2L7-G4-
Ol3 38.42 0.00 0.22 22.55 0.50 38.73 0.24 0.00 0.00 0.00 0.00 100.66 
D3A2L7-G4-
Ol4 38.03 0.00 0.00 22.43 0.46 37.77 0.37 0.00 0.00 0.00 0.00 99.06 
D3A2L7-G4-
Ol5 37.74 0.00 0.00 22.64 0.52 37.88 0.22 0.00 0.00 0.00 0.00 99.00 
D3A2L7-G5-
Ol1 37.70 0.00 0.00 22.27 0.41 37.67 0.39 0.00 0.00 0.00 0.00 98.44 
D3A2L7-G5-
Ol2 37.84 0.00 0.00 22.88 0.42 38.02 0.35 0.00 0.00 0.00 0.23 99.74 
D3A2L7-G5-
Ol3 37.69 0.00 0.15 23.13 0.37 37.67 0.30 0.00 0.00 0.00 0.00 99.31 
D3A2L7-G5-
Ol4 37.58 0.00 0.26 22.54 0.45 37.55 0.27 0.00 0.00 0.00 0.00 98.65 
D3A2L8-G1-
Ol1 38.63 0.00 0.18 21.85 0.31 38.68 0.15 0.00 0.00 0.00 0.00 99.80 
D3A2L8-G1-
Ol2 38.22 0.00 0.17 22.41 0.26 38.54 0.35 0.00 0.00 0.00 0.00 99.95 
D3A2L8-G1-
Ol3 37.26 0.00 0.00 22.19 0.31 37.78 0.29 0.00 0.00 0.00 0.21 98.04 
D3A2L8-G1-
Ol4 37.16 0.00 0.00 22.15 0.34 37.53 0.32 0.00 0.00 0.00 0.00 97.50 
D3A2L8-G2-
Ol1 37.84 0.00 0.19 22.43 0.43 38.20 0.22 0.00 0.00 0.00 0.00 99.31 
D3A2L8-G2-
Ol2 38.02 0.00 0.17 22.24 0.27 38.21 0.23 0.00 0.00 0.00 0.00 99.14 
D3A2L8-G2-
Ol3 38.09 0.00 0.19 23.29 0.36 38.25 0.34 0.00 0.00 0.00 0.00 100.52 
D3A2L8-G2-
Ol4 37.86 0.00 0.20 22.57 0.00 38.05 0.22 0.11 0.00 0.00 0.18 99.19 
D3A2L8-G2-
Ol5 37.70 0.00 0.30 22.21 0.47 37.94 0.20 0.00 0.00 0.00 0.00 98.82 
D3A2L8-G2-
Ol6 38.59 0.00 0.81 25.78 0.43 34.70 0.41 0.21 0.00 0.00 0.00 100.93 
D3A2L8-G3-
Ol1 36.32 0.00 0.16 26.91 0.54 33.67 0.26 0.00 0.00 0.00 0.00 97.86 
D3A2L8-G3-
Ol2 36.38 0.00 0.00 26.71 0.45 33.40 0.23 0.00 0.10 0.00 0.00 97.27 
D3A2L8-G3-
Ol3 36.39 0.00 0.00 26.37 0.55 33.21 0.33 0.00 0.00 0.00 0.00 96.85 
D3A2L8-G3-




Ol1 38.54 0.00 0.18 23.40 0.48 38.45 0.31 0.00 0.00 0.00 0.19 101.55 
D3A2L8-G4-
Ol2 37.94 0.00 0.00 22.65 0.52 38.01 0.26 0.00 0.00 0.00 0.00 99.38 
D3A2L8-G4-
Ol3 37.88 0.00 0.00 22.49 0.45 38.01 0.30 0.00 0.00 0.00 0.00 99.13 
D3A2L8-G4-
Ol4 37.92 0.00 0.00 22.20 0.27 37.74 0.25 0.00 0.00 0.00 0.00 98.38 
D3A2L8-G5-
Ol1 38.38 0.00 0.16 23.82 0.52 38.57 0.25 0.00 0.00 0.00 0.00 101.70 
D3A2L8-G5-
Ol2 38.15 0.00 0.00 21.49 0.37 39.02 0.21 0.00 0.00 0.00 0.38 99.62 
D3A2L8-G5-
Ol3 38.56 0.00 0.00 22.73 0.29 38.44 0.30 0.00 0.00 0.00 0.00 100.32 
D3A2L9-G1-
Ol1 38.79 0.00 0.19 22.13 0.47 39.46 0.25 0.00 0.00 0.00 0.00 101.29 
D3A2L9-G1-
Ol2 38.60 0.00 0.00 22.18 0.50 39.25 0.26 0.00 0.00 0.00 0.00 100.79 
D3A2L9-G1-
Ol3 38.25 0.00 0.16 22.66 0.46 38.95 0.31 0.00 0.00 0.00 0.00 100.79 
D3A2L9-G1-
Ol4 38.88 0.00 0.00 22.26 0.32 39.31 0.34 0.00 0.00 0.00 0.00 101.11 
D3A2L9-G3-
Ol1 37.82 0.00 0.00 21.76 0.27 38.85 0.20 0.00 0.00 0.00 0.00 98.90 
D3A2L9-G3-
Ol2 37.68 0.00 0.15 21.21 0.44 38.12 0.23 0.00 0.00 0.00 0.00 97.83 
D3A2L9-G3-
Ol3 38.30 0.00 0.00 21.74 0.39 38.89 0.32 0.00 0.00 0.00 0.00 99.64 
D3A2L9-G3-
Ol4 38.43 0.00 0.00 22.27 0.40 38.90 0.40 0.00 0.00 0.00 0.00 100.40 
D3A2L9-G4-
Ol1 38.61 0.00 0.00 22.03 0.24 38.86 0.22 0.00 0.10 0.00 0.00 100.06 
D3A2L9-G4-
Ol2 38.57 0.00 0.00 22.21 0.46 38.83 0.29 0.00 0.00 0.00 0.00 100.36 
D3A2L9-G4-
Ol3 39.01 0.00 0.20 22.14 0.21 38.91 0.32 0.00 0.00 0.00 0.00 100.79 
D3A2L9-G4-
Ol4 38.94 0.00 0.22 22.33 0.31 38.97 0.29 0.00 0.00 0.00 0.00 101.06 
D3A2L10-G1-
Ol1 37.57 0.00 0.00 23.07 0.55 37.08 0.21 0.00 0.00 0.00 0.19 98.67 
D3A2L10-G1-
Ol2 37.68 0.00 0.00 22.35 0.37 37.78 0.24 0.00 0.00 0.00 0.21 98.63 
D3A2L10-G1-
Ol3 37.84 0.00 0.18 22.30 0.39 37.64 0.17 0.00 0.00 0.00 0.00 98.52 
D3A2L10-G1-
Ol4 38.03 0.00 0.16 22.10 0.36 38.30 0.25 0.14 0.00 0.00 0.00 99.34 
D3A2L10-G1-
Ol5 37.92 0.00 0.16 21.92 0.43 38.66 0.28 0.00 0.00 0.00 0.00 99.37 
D3A2L10-G2-
Ol1 36.99 0.00 0.17 21.51 0.40 37.18 0.28 0.13 0.00 0.00 0.00 96.66 
D3A2L10-G2-
Ol2 36.84 0.00 0.19 21.17 0.25 37.80 0.30 0.00 0.00 0.00 0.00 96.55 
D3A2L10-G2-
Ol3 36.70 0.00 0.20 21.57 0.40 37.24 0.22 0.00 0.00 0.00 0.00 96.33 
D3A2L10-G4-
Ol1 37.02 0.00 0.00 24.03 0.30 36.77 0.32 0.00 0.00 0.00 0.00 98.44 
D3A2L10-G4-
Ol2 37.46 0.00 0.00 23.57 0.49 36.43 0.23 0.00 0.00 0.20 0.00 98.38 
D3A2L10-G5-
Ol1 38.23 0.00 0.17 21.39 0.24 38.90 0.24 0.00 0.00 0.00 0.00 99.17 
D3A2L10-G5-
Ol2 38.38 0.00 0.00 21.82 0.48 38.69 0.25 0.00 0.00 0.00 0.00 99.62 
D3A2L10-G5-
Ol3 38.41 0.00 0.19 22.33 0.43 38.64 0.27 0.00 0.00 0.00 0.00 100.27 
D3A2L10-G5-
Ol4 38.18 0.00 0.00 22.52 0.35 38.84 0.29 0.00 0.00 0.00 0.00 100.18 
D3A2L11-G1-
Ol1 38.05 0.00 0.00 20.75 0.38 39.21 0.23 0.00 0.00 0.00 0.00 98.62 
D3A2L11-G1-
Ol2 38.13 0.00 0.00 21.31 0.49 39.42 0.25 0.00 0.00 0.00 0.00 99.60 
D3A2L11-G1-
Ol3 37.84 0.00 0.21 20.83 0.27 38.55 0.26 0.00 0.00 0.00 0.00 97.96 
D3A2L11-G4-
Ol1 37.97 0.00 0.16 21.79 0.44 39.20 0.17 0.00 0.00 0.00 0.00 99.73 
D3A2L11-G4-
Ol2 38.01 0.00 0.00 21.42 0.41 39.18 0.20 0.12 0.00 0.00 0.00 99.34 
D3A2L11-G4-
Ol3 37.88 0.00 0.00 21.76 0.39 39.10 0.28 0.12 0.00 0.00 0.22 99.75 
D3A2L11-G4-
Ol4 37.30 0.00 0.00 21.70 0.46 38.89 0.36 0.00 0.00 0.00 0.00 98.71 
D3A2L11-G4-
Ol5 37.21 0.00 0.16 21.28 0.34 38.72 0.30 0.13 0.00 0.00 0.25 98.39 
D3A2L11-G4-
Ol6 37.97 0.00 0.17 21.63 0.25 39.14 0.32 0.00 0.00 0.00 0.00 99.48 
D3A2L11-G5-
Ol1 37.31 0.00 0.19 21.10 0.47 38.92 0.31 0.00 0.00 0.00 0.00 98.30 
D3A2L11-G5-




Ol3 37.27 0.00 0.24 22.41 0.34 37.99 0.29 0.15 0.00 0.00 0.00 98.69 
D3A2L11-G5-
Ol4 37.29 0.00 0.15 21.50 0.23 38.37 0.18 0.13 0.00 0.00 0.00 97.85 
D3A2L12-G1-
Ol1 37.99 0.00 0.16 20.76 0.37 39.46 0.27 0.00 0.00 0.00 0.20 99.21 
D3A2L12-G1-
Ol2 37.57 0.00 0.16 21.07 0.24 39.08 0.24 0.15 0.00 0.00 0.00 98.51 
D3A2L12-G1-
Ol3 37.52 0.00 0.21 21.06 0.38 38.79 0.26 0.00 0.00 0.00 0.00 98.22 
D3A2L12-G1-
Ol4 37.51 0.00 0.00 20.85 0.43 39.31 0.23 0.00 0.00 0.00 0.00 98.33 
D3A2L12-G2-
Ol1 37.45 0.00 0.18 21.03 0.31 38.88 0.00 0.17 0.00 0.00 0.00 98.02 
D3A2L12-G2-
Ol2 37.74 0.00 0.00 20.85 0.39 38.68 0.26 0.17 0.00 0.00 0.00 98.09 
D3A2L12-G2-
Ol3 37.38 0.00 0.18 20.58 0.49 38.77 0.23 0.12 0.00 0.00 0.00 97.75 
D3A2L12-G2-
Ol4 37.28 0.00 0.00 20.86 0.32 38.58 0.31 0.17 0.00 0.00 0.00 97.52 
D3A2L12-G2-
Ol5 37.93 0.00 0.29 21.28 0.34 38.47 0.36 0.19 0.00 0.00 0.00 98.86 
D3A2L12-G4-
Ol1 37.83 0.00 0.16 21.35 0.45 39.49 0.22 0.13 0.00 0.00 0.27 99.90 
D3A2L12-G4-
Ol2 38.11 0.00 0.00 21.64 0.42 39.77 0.20 0.00 0.00 0.00 0.00 100.14 
D3A2L12-G4-
Ol3 37.45 0.00 0.20 21.32 0.29 39.27 0.23 0.00 0.00 0.00 0.00 98.76 
D3A2L12-G4-
Ol4 38.01 0.00 0.00 21.20 0.34 39.54 0.21 0.00 0.00 0.00 0.00 99.30 
D3A2L12-G4-
Ol5 37.69 0.00 0.19 21.51 0.35 38.65 0.31 0.00 0.00 0.00 0.00 98.70 
D3A2L12-G4-
Ol6 37.77 0.00 0.29 21.73 0.37 38.54 0.30 0.00 0.00 0.00 0.00 99.00 
D3A2L12-G5-
Ol1 37.88 0.00 0.14 21.70 0.30 39.04 0.20 0.14 0.00 0.00 0.00 99.40 
D3A2L12-G5-
Ol2 37.77 0.00 0.15 21.21 0.28 39.27 0.18 0.18 0.00 0.00 0.18 99.22 
D3A2L12-G5-
Ol3 38.38 0.00 0.15 21.03 0.58 39.78 0.26 0.00 0.00 0.00 0.00 100.18 
D3A2L12-G5-
Ol4 37.86 0.00 0.00 21.20 0.32 39.38 0.27 0.14 0.00 0.00 0.00 99.17 
D3A2L12-G5-
Ol5 37.56 0.00 0.16 21.04 0.34 39.20 0.26 0.00 0.00 0.00 0.27 98.83 
 
C5. Black Point glass major-element analysis 
LABEL SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Cr2O3 P2O5 SO3 Total 
D11A1L1-
G1-g1 49.50 1.52 18.37 8.76 0.11 6.50 8.23 3.97 0.97 0.00 0.19 0.00 98.12 
D11A1L1-
G1-g2 49.69 1.54 18.32 8.89 0.00 6.35 8.07 4.06 0.99 0.00 0.38 0.00 98.29 
D11A1L1-
G1-g3 49.34 1.54 18.40 8.86 0.22 6.45 8.20 4.12 1.05 0.00 0.16 0.09 98.43 
D11A1L1-
G1-g4 49.67 1.52 18.55 8.71 0.12 6.30 8.03 4.04 0.96 0.00 0.33 0.00 98.23 
D11A1L1-
G1-g5 49.48 1.53 18.42 8.88 0.00 6.27 8.15 4.00 0.93 0.00 0.41 0.08 98.15 
D11A1L1-
G3-g1 50.12 1.77 17.95 9.20 0.26 5.95 7.85 4.16 1.17 0.00 0.31 0.00 98.74 
D11A1L1-
G3-g2 49.53 1.73 17.81 8.95 0.17 5.87 7.91 4.12 1.11 0.00 0.35 0.00 97.55 
D11A1L1-
G3-g3 49.95 1.61 17.77 9.28 0.21 5.98 7.89 4.21 1.17 0.00 0.27 0.16 98.50 
D11A1L1-
G3-g4 49.99 1.65 18.00 9.32 0.25 5.92 7.90 4.18 1.12 0.00 0.37 0.00 98.70 
D11A1L1-
G3-g5 49.97 1.88 17.87 9.20 0.09 5.91 7.64 4.13 1.20 0.00 0.25 0.00 98.14 
D11A1L1-
G5-g1 49.10 1.60 17.81 8.97 0.20 6.53 7.82 3.97 1.02 0.00 0.29 0.00 97.31 
D11A1L1-
G5-g2 48.96 1.60 17.47 8.63 0.13 6.34 7.75 3.92 1.09 0.00 0.27 0.22 96.38 
D11A1L1-
G5-g3 49.28 1.65 17.78 9.01 0.15 6.57 7.76 4.09 1.13 0.00 0.27 0.00 97.69 
D11A1L1-
G5-g4 48.89 1.60 17.49 8.79 0.17 6.45 7.88 3.98 1.06 0.10 0.25 0.20 96.86 
D11A1L1-
G5-g5 49.29 1.61 17.49 9.03 0.13 6.43 7.84 4.05 1.02 0.00 0.29 0.11 97.29 
D11A1L2-
G2-g1 49.62 1.53 18.13 8.74 0.26 6.34 7.99 4.06 1.04 0.00 0.31 0.00 98.02 
D11A1L2-
G2-g2 49.51 1.62 18.00 8.91 0.29 6.29 7.89 4.06 1.02 0.00 0.31 0.15 98.05 
D11A1L2-




G2-g4 49.38 1.66 17.97 9.08 0.13 6.30 7.84 3.97 1.01 0.09 0.26 0.00 97.69 
D11A1L2-
G2-g5 49.36 1.75 17.98 8.92 0.19 6.36 8.00 4.05 1.05 0.00 0.43 0.00 98.09 
D11A1L2-
G3-g1 49.69 1.72 17.84 8.96 0.15 6.31 7.79 4.10 1.11 0.00 0.29 0.00 97.96 
D11A1L2-
G3-g2 49.44 1.64 18.01 8.98 0.18 6.29 7.89 4.02 1.01 0.00 0.39 0.00 97.85 
D11A1L2-
G3-g3 49.43 1.83 18.00 8.89 0.23 6.28 7.77 4.11 1.15 0.09 0.27 0.08 98.13 
D11A1L2-
G3-g4 48.86 1.65 17.96 8.94 0.16 6.29 7.94 4.06 1.07 0.00 0.31 0.00 97.24 
D11A1L2-
G3-g5 49.57 1.85 17.85 9.04 0.10 6.40 7.92 4.05 1.08 0.00 0.35 0.00 98.21 
D11A1L2-
G4-g1 50.30 1.62 18.33 8.93 0.17 6.48 7.98 4.16 1.06 0.00 0.29 0.09 99.41 
D11A1L2-
G4-g2 49.78 1.55 18.24 8.84 0.00 6.45 8.04 4.01 1.07 0.00 0.28 0.00 98.26 
D11A1L2-
G4-g3 49.59 1.61 18.09 8.93 0.14 6.19 8.06 4.18 0.97 0.00 0.38 0.00 98.14 
D11A1L2-
G4-g4 49.06 1.83 18.01 8.90 0.13 6.30 7.96 4.12 1.04 0.00 0.22 0.09 97.66 
D11A1L2-
G4-g5 50.02 1.71 17.97 9.06 0.12 6.37 8.05 4.21 1.07 0.00 0.27 0.07 98.92 
D11A1L3-
G1-g1 49.66 1.65 18.12 8.94 0.00 6.22 8.06 4.00 1.03 0.00 0.34 0.00 98.02 
D11A1L3-
G1-g2 49.58 1.56 18.21 9.04 0.13 6.33 7.96 4.12 1.03 0.00 0.33 0.07 98.36 
D11A1L3-
G1-g3 49.34 1.52 17.97 8.86 0.21 6.29 8.06 4.04 1.05 0.00 0.28 0.00 97.62 
D11A1L3-
G1-g4 49.40 1.66 18.18 9.33 0.00 6.40 8.02 4.12 1.06 0.00 0.33 0.10 98.60 
D11A1L3-
G1-g5 49.61 1.72 18.12 8.94 0.11 6.27 7.92 4.10 1.09 0.00 0.28 0.10 98.26 
D11A1L3-
G2-g1 50.09 1.65 18.15 9.16 0.21 6.25 7.93 4.13 1.10 0.00 0.40 0.00 99.07 
D11A1L3-
G2-g2 49.96 1.65 18.08 9.35 0.14 6.30 8.13 4.14 1.09 0.00 0.34 0.00 99.18 
D11A1L3-
G2-g3 49.83 1.77 18.24 9.24 0.15 6.30 8.10 4.18 1.05 0.00 0.31 0.14 99.31 
D11A1L3-
G2-g4 49.72 1.76 17.92 9.01 0.10 6.38 7.99 4.12 1.12 0.00 0.20 0.15 98.47 
D11A1L3-
G2-g5 49.47 1.65 17.96 9.33 0.00 6.13 8.11 4.17 1.11 0.10 0.39 0.00 98.42 
D11A1L3-
G3-g1 48.94 1.80 17.49 9.22 0.17 6.43 7.96 3.97 1.09 0.00 0.33 0.00 97.40 
D11A1L3-
G3-g2 49.63 1.75 17.78 9.56 0.09 6.35 8.03 4.10 1.08 0.00 0.22 0.00 98.59 
D11A1L3-
G3-g3 49.47 1.58 18.16 9.09 0.18 6.43 7.91 4.10 1.12 0.00 0.31 0.11 98.46 
D11A1L3-
G3-g4 49.64 1.83 18.02 9.26 0.00 6.35 7.95 4.10 1.10 0.00 0.29 0.00 98.54 
D11A1L3-
G3-g5 49.31 1.52 17.72 9.09 0.14 6.42 7.90 4.05 1.01 0.00 0.34 0.00 97.50 
D11A1L4-
G1-g1 49.87 1.66 17.70 9.06 0.22 6.14 8.03 3.97 1.12 0.00 0.32 0.00 98.09 
D11A1L4-
G1-g2 49.47 1.64 17.82 9.17 0.13 6.36 8.01 3.96 1.13 0.00 0.22 0.12 98.03 
D11A1L4-
G1-g3 49.53 1.70 17.65 9.14 0.17 6.26 7.86 4.08 1.12 0.00 0.32 0.00 97.83 
D11A1L4-
G1-g4 49.55 1.61 17.80 9.25 0.00 6.48 7.92 4.01 1.04 0.00 0.29 0.00 97.95 
D11A1L4-
G1-g5 49.21 1.59 17.60 9.34 0.18 6.38 8.05 4.07 1.08 0.00 0.41 0.00 97.91 
D11A1L4-
G3-g1 49.74 1.76 17.78 9.30 0.11 6.54 7.64 4.09 0.99 0.00 0.32 0.00 98.27 
D11A1L4-
G3-g2 49.61 1.64 17.95 9.21 0.19 6.31 7.84 4.16 1.06 0.00 0.21 0.00 98.18 
D11A1L4-
G3-g3 49.60 1.58 17.67 9.15 0.09 6.26 7.81 4.03 1.08 0.00 0.26 0.00 97.53 
D11A1L4-
G3-g4 49.38 1.57 17.94 9.32 0.22 6.45 7.81 4.08 1.08 0.00 0.30 0.00 98.15 
D11A1L4-
G3-g5 49.92 1.77 18.01 9.01 0.21 6.52 7.81 4.07 1.06 0.00 0.31 0.00 98.69 
D11A1L4-
G4-g1 49.54 1.46 17.66 9.36 0.16 6.68 7.81 4.10 1.04 0.00 0.28 0.11 98.20 
D11A1L4-
G4-g2 49.86 1.57 17.70 9.14 0.19 6.54 7.72 4.18 1.06 0.00 0.33 0.00 98.29 
D11A1L4-
G4-g3 49.66 1.71 17.60 9.19 0.14 6.62 7.76 4.19 1.10 0.00 0.31 0.09 98.37 
D11A1L4-
G4-g4 49.67 1.75 17.82 9.54 0.29 6.70 7.63 4.04 1.11 0.00 0.35 0.00 98.90 
D11A1L4-
G4-g5 49.56 1.70 17.73 9.34 0.16 6.65 7.83 4.15 1.09 0.00 0.37 0.00 98.58 
D11A2L1-
Z1-g1 51.13 1.85 18.41 8.80 0.21 5.58 7.54 3.09 1.17 0.00 0.26 0.00 98.04 
D11A2L1-




Z1-g3 51.17 1.56 18.43 8.93 0.00 5.59 7.91 3.01 1.11 0.00 0.29 0.00 98.00 
D11A2L1-
Z1-g4 50.77 1.81 18.27 8.68 0.00 5.62 7.94 3.15 1.10 0.00 0.32 0.00 97.66 
D11A2L1-
Z1-g5 51.15 1.81 18.32 8.86 0.20 5.58 7.71 3.14 1.20 0.00 0.26 0.00 98.23 
D11A2L1-
Z2-g1 51.18 1.74 18.66 8.63 0.14 5.64 8.03 3.35 1.12 0.00 0.33 0.09 98.91 
D11A2L1-
Z2-g2 51.14 1.64 18.58 8.57 0.19 5.69 7.93 3.27 1.10 0.00 0.24 0.00 98.35 
D11A2L1-
Z2-g3 51.11 1.75 18.61 8.73 0.15 5.69 8.05 3.22 1.15 0.00 0.36 0.00 98.82 
D11A2L1-
Z2-g4 51.15 1.53 18.46 8.67 0.00 5.64 7.93 3.19 1.12 0.00 0.29 0.14 98.12 
D11A2L1-
Z2-g5 51.25 1.58 18.56 8.64 0.18 5.60 7.82 3.21 1.11 0.00 0.27 0.08 98.30 
D11A2L1-
Z3-g1 51.17 1.73 18.33 9.28 0.19 5.41 7.87 3.19 1.09 0.09 0.37 0.00 98.72 
D11A2L1-
Z3-g2 52.00 1.73 18.44 9.03 0.10 5.54 7.65 3.31 1.21 0.00 0.40 0.09 99.50 
D11A2L1-
Z3-g3 51.24 1.64 18.22 8.83 0.10 5.43 7.79 3.25 1.14 0.00 0.30 0.08 98.02 
D11A2L1-
Z3-g4 51.18 1.79 18.09 9.14 0.19 5.27 7.68 3.34 1.17 0.00 0.29 0.13 98.27 
D11A2L1-
Z3-g5 51.36 1.79 17.92 8.90 0.20 5.24 7.52 3.26 1.16 0.00 0.28 0.09 97.72 
D11A2L1-
Z4-g1 51.08 1.66 18.54 9.18 0.00 5.62 7.67 3.35 1.19 0.00 0.34 0.00 98.63 
D11A2L1-
Z4-g2 51.61 1.62 18.23 9.00 0.23 5.43 7.85 3.26 1.22 0.00 0.43 0.00 98.88 
D11A2L1-
Z4-g3 50.78 1.67 18.11 8.86 0.17 5.66 7.89 3.23 1.20 0.00 0.21 0.00 97.78 
D11A2L1-
Z4-g4 50.91 1.71 18.20 8.82 0.22 5.44 7.75 3.28 1.16 0.00 0.33 0.00 97.82 
D11A2L1-
Z4-g5 50.80 1.62 18.42 9.15 0.15 5.50 7.78 3.23 1.11 0.11 0.22 0.00 98.09 
D11A2L2-
Z1-g1 51.65 1.82 18.14 9.22 0.24 5.36 7.67 3.54 1.23 0.00 0.43 0.07 99.37 
D11A2L2-
Z1-g2 51.70 1.80 18.36 8.88 0.15 5.67 7.83 3.40 1.13 0.00 0.25 0.00 99.17 
D11A2L2-
Z1-g3 51.49 1.71 18.43 9.01 0.19 5.52 7.82 3.37 1.11 0.00 0.32 0.17 99.14 
D11A2L2-
Z1-g4 51.20 1.80 18.06 9.19 0.19 5.64 7.89 3.54 1.16 0.00 0.35 0.00 99.02 
D11A2L2-
Z1-g5 51.87 1.66 18.43 9.05 0.10 5.52 7.78 3.47 1.19 0.14 0.21 0.00 99.42 
D11A2L2-
Z2-g1 51.76 1.80 18.14 9.13 0.09 5.43 7.80 3.12 1.17 0.00 0.29 0.09 98.82 
D11A2L2-
Z2-g2 51.49 1.76 18.24 8.86 0.10 5.49 7.75 3.27 1.21 0.00 0.31 0.10 98.58 
D11A2L2-
Z2-g3 51.37 1.68 18.01 8.88 0.14 5.48 7.69 3.30 1.12 0.00 0.27 0.00 97.94 
D11A2L2-
Z2-g4 51.76 1.63 18.03 9.06 0.00 5.32 7.66 3.22 1.19 0.00 0.30 0.00 98.17 
D11A2L2-
Z2-g5 51.43 1.78 17.97 8.90 0.19 5.52 7.69 3.23 1.07 0.00 0.28 0.09 98.15 
D11A2L2-
Z3-g1 51.10 1.79 18.20 8.85 0.17 5.55 7.74 3.14 1.14 0.00 0.29 0.00 97.97 
D11A2L2-
Z3-g2 51.29 1.74 18.39 8.75 0.10 5.72 7.81 3.14 1.14 0.00 0.27 0.18 98.53 
D11A2L2-
Z3-g3 51.33 1.80 18.32 8.88 0.17 5.54 7.63 3.36 1.28 0.00 0.34 0.11 98.76 
D11A2L2-
Z3-g4 51.43 1.74 18.31 8.64 0.12 5.57 7.74 3.30 1.14 0.00 0.33 0.00 98.32 
D11A2L2-
Z3-g5 51.20 1.75 18.16 8.93 0.11 5.50 7.72 3.35 1.22 0.00 0.30 0.12 98.36 
D11A2L2-
Z4-g1 51.38 1.69 18.49 8.74 0.17 5.46 7.55 3.27 1.17 0.00 0.32 0.08 98.32 
D11A2L2-
Z4-g2 51.23 1.68 18.38 9.03 0.14 5.34 7.75 3.42 1.19 0.00 0.34 0.09 98.59 
D11A2L2-
Z4-g3 51.13 1.65 18.33 8.61 0.14 5.60 7.71 3.25 1.14 0.00 0.28 0.00 97.84 
D11A2L2-
Z4-g4 50.96 1.69 18.16 8.67 0.14 5.52 7.78 3.36 1.15 0.10 0.33 0.15 98.01 
D11A2L2-
Z4-g5 50.89 1.63 18.49 8.79 0.00 5.64 7.76 3.27 1.12 0.00 0.34 0.15 98.08 
D13C1-G1-
g1 50.17 1.74 18.10 9.14 0.24 6.31 7.94 3.79 1.08 0.00 0.25 0.13 98.89 
D13C1-G1-
g2 50.33 1.83 17.81 9.58 0.00 6.36 8.05 3.83 1.18 0.00 0.34 0.00 99.31 
D13C1-G1-
g3 49.93 1.67 17.68 9.41 0.00 6.29 7.84 3.88 1.08 0.00 0.25 0.00 98.20 
D13C1-G1-
g4 50.27 1.62 17.65 9.50 0.13 6.31 7.96 3.91 1.07 0.00 0.35 0.00 98.77 
D13C1-G1-
g5 50.31 1.71 17.73 9.33 0.00 6.27 7.99 3.90 1.10 0.00 0.35 0.00 98.78 
D13C1-G3-




g2 49.75 1.63 18.04 9.33 0.22 6.95 7.86 3.75 1.05 0.00 0.25 0.00 98.83 
D13C1-G3-
g3 50.05 1.65 18.00 9.18 0.21 6.85 8.03 3.63 1.02 0.00 0.38 0.00 99.00 
D13C1-G3-
g4 50.44 1.60 18.17 9.11 0.13 6.67 8.02 3.73 1.06 0.10 0.33 0.07 99.43 
D13C1-G3-
g5 49.81 1.74 17.84 9.17 0.14 6.76 7.93 3.74 1.09 0.10 0.32 0.10 98.74 
D13C1-G3-
g6 50.10 1.49 18.22 9.29 0.12 6.62 8.18 3.81 1.09 0.08 0.41 0.09 99.59 
D13C1-G4-
g1 50.42 1.67 17.82 9.48 0.25 5.92 7.95 3.70 1.15 0.00 0.24 0.14 98.74 
D13C1-G4-
g2 50.49 1.77 17.90 9.50 0.13 5.87 7.88 3.83 1.24 0.00 0.20 0.08 98.89 
D13C1-G4-
g3 50.46 1.96 17.87 9.43 0.18 5.88 8.03 3.70 1.14 0.00 0.34 0.09 99.08 
D13C1-G4-
g4 50.61 1.83 17.95 9.48 0.11 5.90 7.93 3.73 1.11 0.00 0.27 0.08 99.08 
D13C1-G4-
g5 50.28 1.91 17.99 9.46 0.21 5.86 7.96 3.80 1.12 0.00 0.35 0.11 99.05 
D13C1-G5-
g1 50.16 1.61 17.66 9.33 0.00 6.73 7.91 3.61 1.06 0.00 0.43 0.00 98.64 
D13C1-G5-
g2 50.28 1.85 17.98 9.05 0.16 6.56 7.92 3.64 1.03 0.00 0.23 0.00 98.70 
D13C1-G5-
g3 49.65 1.70 17.63 9.00 0.20 6.43 8.06 3.47 1.04 0.00 0.37 0.00 97.55 
D13C1-G5-
g4 50.18 1.58 18.08 9.25 0.13 6.67 7.93 3.51 1.05 0.00 0.42 0.10 98.90 
D13C1-G5-
g5 50.53 1.64 18.33 9.17 0.20 6.51 7.79 3.56 1.04 0.08 0.34 0.16 99.35 
D13C2-G1-
g1 50.50 1.64 17.96 9.17 0.00 5.51 7.73 3.69 1.18 0.08 0.33 0.09 97.88 
D13C2-G1-
g2 50.78 1.55 18.08 9.04 0.17 5.57 7.90 3.80 1.21 0.00 0.29 0.09 98.58 
D13C2-G1-
g3 50.77 1.67 18.13 9.06 0.19 5.49 7.81 3.73 1.20 0.00 0.39 0.12 98.63 
D13C2-G1-
g4 50.60 1.65 17.95 8.84 0.22 5.62 7.85 3.72 1.12 0.00 0.26 0.08 97.98 
D13C2-G1-
g5 50.90 1.68 18.12 9.00 0.23 5.66 7.79 3.57 1.16 0.00 0.17 0.00 98.42 
D13C2-G2-
g1 51.04 1.63 17.95 9.13 0.12 5.54 7.85 3.63 1.15 0.00 0.32 0.00 98.43 
D13C2-G2-
g2 50.90 1.80 17.89 8.97 0.00 5.66 7.85 3.50 1.13 0.00 0.37 0.00 98.17 
D13C2-G2-
g3 50.72 1.72 17.79 8.71 0.21 5.54 7.76 3.61 1.20 0.00 0.35 0.08 97.77 
D13C2-G2-
g4 50.52 1.74 17.75 9.02 0.21 5.62 7.60 3.51 1.16 0.00 0.32 0.00 97.45 
D13C2-G2-
g5 50.48 1.70 17.87 8.85 0.17 5.49 7.74 3.56 1.16 0.00 0.33 0.10 97.52 
D13C2-G3-
g1 51.02 1.77 18.08 8.92 0.19 5.39 7.99 3.70 1.20 0.00 0.36 0.00 98.62 
D13C2-G3-
g2 51.02 1.83 18.01 9.07 0.22 5.45 7.71 3.59 1.25 0.10 0.44 0.13 98.82 
D13C2-G3-
g3 51.02 1.87 17.96 9.04 0.10 5.44 7.72 3.68 1.19 0.12 0.29 0.00 98.55 
D13C2-G3-
g4 50.60 1.79 17.88 8.86 0.17 5.49 7.66 3.58 1.19 0.00 0.32 0.09 97.82 
D13C2-G3-
g5 50.53 1.66 18.02 9.03 0.20 5.29 7.83 3.69 1.18 0.11 0.41 0.00 98.03 
D13C2-G4-
g1 50.77 1.77 18.11 8.79 0.00 5.62 7.74 3.59 1.19 0.00 0.36 0.08 98.02 
D13C2-G4-
g2 51.04 1.59 18.06 9.08 0.00 5.64 7.86 3.60 1.17 0.00 0.29 0.00 98.33 
D13C2-G4-
g3 51.06 1.79 18.24 9.22 0.13 5.74 7.96 3.70 1.17 0.00 0.27 0.10 99.38 
D13C2-G4-
g4 51.24 1.69 18.30 9.04 0.13 5.71 7.84 3.59 1.17 0.00 0.16 0.11 98.98 
D13C2-G4-
g5 50.41 1.81 18.10 8.92 0.17 5.63 7.89 3.56 1.19 0.00 0.30 0.16 98.14 
D13C2-G5-
g1 50.66 1.68 18.17 8.82 0.12 5.62 7.72 3.68 1.16 0.00 0.36 0.00 98.07 
D13C2-G5-
g2 50.42 1.66 18.12 8.94 0.22 5.64 7.68 3.57 1.15 0.00 0.37 0.00 97.77 
D13C2-G5-
g3 50.47 1.62 17.91 8.62 0.11 5.52 7.83 3.51 1.11 0.00 0.26 0.11 97.17 
D13C2-G5-
g4 50.65 1.67 18.04 8.88 0.15 5.45 7.85 3.60 1.19 0.00 0.33 0.00 97.90 
D13C2-G5-
g5 50.78 1.68 17.93 8.92 0.18 5.51 7.70 3.50 1.15 0.00 0.27 0.10 97.80 
D14A2L1-
Z1-g1 51.27 1.58 18.55 8.84 0.23 5.86 7.89 3.89 1.14 0.00 0.25 0.13 99.63 
D14A2L1-
Z1-g2 50.55 1.60 18.39 8.78 0.00 5.85 7.96 3.86 1.12 0.00 0.30 0.00 98.41 
D14A2L1-
Z1-g3 50.43 1.63 18.43 8.45 0.15 5.80 7.83 3.82 1.14 0.00 0.30 0.00 97.98 
D14A2L1-




Z1-g5 51.14 1.56 18.68 8.94 0.17 5.81 8.04 3.98 1.19 0.00 0.33 0.00 99.84 
D14A2L1-
Z2-g1 51.25 1.61 18.55 8.59 0.20 5.89 7.93 3.95 1.18 0.00 0.31 0.00 99.46 
D14A2L1-
Z2-g2 50.94 1.73 18.60 8.71 0.18 5.88 7.92 3.90 1.16 0.00 0.31 0.00 99.33 
D14A2L1-
Z2-g3 51.20 1.61 18.61 8.61 0.23 5.75 7.98 3.91 1.12 0.00 0.25 0.08 99.35 
D14A2L1-
Z2-g4 51.06 1.65 18.66 8.75 0.10 5.89 7.95 3.95 1.18 0.00 0.36 0.00 99.55 
D14A2L1-
Z2-g5 51.19 1.72 18.96 8.84 0.17 5.74 7.91 3.97 1.20 0.00 0.32 0.00 100.02 
D14A2L1-
Z3-g1 51.21 1.51 18.58 8.55 0.13 5.82 8.02 4.05 1.16 0.00 0.32 0.00 99.35 
D14A2L1-
Z3-g2 51.35 1.53 18.64 8.75 0.12 5.66 8.07 4.03 1.22 0.00 0.29 0.11 99.77 
D14A2L1-
Z3-g3 51.05 1.61 18.81 8.79 0.10 5.90 8.00 4.00 1.17 0.00 0.34 0.00 99.77 
D14A2L1-
Z3-g4 50.79 1.59 18.48 8.66 0.14 5.91 7.95 3.98 1.23 0.00 0.38 0.12 99.23 
D14A2L1-
Z3-g5 50.87 1.57 18.57 8.70 0.23 5.84 7.89 3.95 1.11 0.00 0.25 0.00 98.98 
D14A2L1-
Z4-g1 50.72 1.68 18.76 8.81 0.00 5.96 7.95 3.85 1.17 0.00 0.25 0.00 99.15 
D14A2L1-
Z4-g2 50.90 1.62 18.65 8.98 0.00 5.85 8.03 3.97 1.14 0.00 0.26 0.00 99.40 
D14A2L1-
Z4-g3 50.96 1.62 18.68 8.71 0.29 5.89 7.93 3.95 1.18 0.09 0.34 0.00 99.64 
D14A2L1-
Z4-g4 50.50 1.50 18.49 8.55 0.23 5.88 7.84 3.86 1.11 0.00 0.37 0.00 98.33 
D14A2L1-
Z4-g5 51.12 1.54 18.80 8.73 0.00 5.87 7.77 3.82 1.22 0.00 0.38 0.00 99.25 
D14A2L2-
Z1-g1 51.39 1.56 18.56 8.74 0.00 5.73 8.03 3.98 1.15 0.00 0.28 0.00 99.42 
D14A2L2-
Z1-g2 51.02 1.51 18.83 8.90 0.19 5.75 7.89 3.93 1.11 0.00 0.35 0.00 99.48 
D14A2L2-
Z1-g3 50.99 1.61 18.75 8.84 0.13 5.65 7.92 4.07 1.19 0.00 0.26 0.08 99.49 
D14A2L2-
Z1-g4 51.09 1.55 18.71 8.82 0.00 5.63 7.98 3.90 1.10 0.00 0.31 0.07 99.16 
D14A2L2-
Z1-g5 50.86 1.70 18.39 8.60 0.10 5.71 7.80 3.93 1.16 0.00 0.24 0.14 98.63 
D14A2L2-
Z2-g1 50.43 1.73 18.32 8.77 0.00 5.49 7.70 3.86 1.10 0.00 0.31 0.00 97.71 
D14A2L2-
Z2-g2 50.83 1.72 18.24 8.82 0.15 5.58 7.75 3.86 1.19 0.00 0.41 0.00 98.55 
D14A2L2-
Z2-g3 51.23 1.64 18.46 8.92 0.13 5.66 7.96 3.85 1.13 0.09 0.25 0.00 99.32 
D14A2L2-
Z2-g4 51.26 1.76 18.54 8.78 0.19 5.71 7.91 3.86 1.17 0.00 0.23 0.00 99.41 
D14A2L2-
Z2-g5 50.40 1.59 18.35 8.73 0.16 5.57 7.91 3.84 1.16 0.00 0.38 0.00 98.09 
D14A2L2-
Z3-g1 50.56 1.62 18.36 8.82 0.23 5.66 7.75 3.90 1.22 0.00 0.32 0.00 98.44 
D14A2L2-
Z3-g2 50.99 1.57 18.26 8.75 0.18 5.67 7.81 3.99 1.23 0.00 0.31 0.00 98.76 
D14A2L2-
Z3-g3 49.99 1.56 18.11 8.71 0.00 5.61 7.72 3.80 1.20 0.00 0.32 0.13 97.15 
D14A2L2-
Z3-g4 49.80 1.58 17.96 8.81 0.11 5.52 7.60 3.84 1.16 0.00 0.29 0.08 96.75 
D14A2L2-
Z3-g5 50.36 1.64 18.34 8.69 0.15 5.74 7.68 3.80 1.19 0.00 0.33 0.13 98.05 
D14A2L2-
Z4-g1 51.55 1.61 19.06 8.38 0.18 6.07 8.29 3.21 1.01 0.00 0.23 0.00 99.59 
D14A2L2-
Z4-g2 51.41 1.65 18.97 8.61 0.31 6.11 8.22 3.17 1.00 0.00 0.31 0.00 99.76 
D14A2L2-
Z4-g3 51.35 1.61 18.91 8.75 0.27 5.95 8.33 3.27 0.98 0.00 0.31 0.00 99.73 
D14A2L2-
Z4-g4 51.36 1.61 18.85 8.59 0.00 6.10 8.18 3.19 0.98 0.00 0.31 0.12 99.29 
D14A2L2-
Z4-g5 51.60 1.71 19.05 8.62 0.00 6.23 8.34 3.29 0.99 0.09 0.28 0.00 100.20 
D10A1L2-
G1-g1 50.90 1.77 17.76 9.38 0.15 5.70 7.64 3.39 1.10 0.00 0.26 0.10 98.15 
D10A1L2-
G1-g2 51.12 1.88 17.74 9.17 0.22 5.66 7.71 3.44 1.11 0.00 0.33 0.00 98.38 
D10A1L2-
G1-g3 50.16 1.89 17.75 9.43 0.18 5.62 7.68 3.34 1.10 0.00 0.40 0.00 97.55 
D10A1L2-
G1-g4 50.57 1.67 17.67 9.20 0.00 5.78 7.78 3.48 1.18 0.00 0.35 0.08 97.76 
D10A1L2-
G1-g5 50.86 1.77 18.02 9.51 0.15 5.63 7.80 3.44 1.10 0.00 0.34 0.00 98.62 
D10A1L2-
G2-g1 50.66 1.64 18.46 9.08 0.16 6.25 7.77 3.37 1.10 0.00 0.37 0.00 98.86 
D10A1L2-
G2-g2 50.90 1.85 17.98 9.23 0.13 6.17 7.74 3.22 1.09 0.00 0.38 0.00 98.69 
D10A1L2-




G2-g4 50.75 1.60 18.40 9.50 0.14 6.12 7.75 3.36 1.15 0.00 0.38 0.00 99.15 
D10A1L2-
G2-g5 51.00 1.70 18.30 9.20 0.28 6.21 7.66 3.26 1.20 0.00 0.24 0.00 99.05 
D10A1L2-
G3-g1 49.56 1.63 18.14 8.99 0.00 6.26 7.78 3.83 1.01 0.00 0.31 0.11 97.62 
D10A1L2-
G3-g2 50.25 1.77 18.29 8.77 0.09 6.03 8.02 3.70 1.12 0.00 0.16 0.08 98.28 
D10A1L2-
G3-g3 49.95 1.67 18.22 8.77 0.27 6.12 8.11 3.67 1.02 0.00 0.26 0.00 98.06 
D10A1L2-
G3-g4 49.88 1.57 18.50 8.82 0.00 6.06 8.04 3.68 1.04 0.00 0.22 0.00 97.81 
D10A1L2-
G3-g5 50.18 1.65 18.49 8.98 0.17 6.20 8.21 3.73 1.05 0.00 0.33 0.00 98.99 
D10A1L2-
G4-g1 50.15 1.70 18.51 8.63 0.11 6.28 8.06 3.67 1.08 0.00 0.38 0.00 98.57 
D10A1L2-
G4-g2 49.69 1.72 18.31 8.74 0.19 6.28 7.92 3.61 1.05 0.00 0.26 0.11 97.88 
D10A1L2-
G4-g3 49.34 1.70 18.22 8.52 0.00 6.17 7.92 3.70 1.11 0.00 0.25 0.00 96.93 
D10A1L2-
G4-g4 49.88 1.61 18.68 8.86 0.19 6.14 8.02 3.83 1.09 0.14 0.29 0.10 98.83 
D10A1L2-
G4-g5 49.69 1.64 18.28 8.74 0.00 6.17 7.89 3.70 1.00 0.00 0.31 0.00 97.42 
D10A1L4-
G1-g1 51.08 1.47 19.09 8.80 0.29 6.31 8.23 3.28 1.02 0.00 0.20 0.00 99.77 
D10A1L4-
G1-g2 50.49 1.55 18.99 8.45 0.12 6.29 8.20 3.43 0.97 0.00 0.21 0.00 98.70 
D10A1L4-
G1-g3 50.77 1.63 19.21 8.37 0.00 6.32 8.11 3.36 0.96 0.00 0.29 0.00 99.02 
D10A1L4-
G1-g4 50.36 1.46 19.08 8.54 0.00 6.30 8.18 3.41 1.00 0.00 0.31 0.08 98.72 
D10A1L4-
G1-g5 50.56 1.42 19.00 8.46 0.10 6.28 8.36 3.25 0.98 0.00 0.25 0.00 98.66 
D10A1L4-
G2-g1 50.97 1.55 19.20 8.56 0.17 6.23 8.28 3.39 0.97 0.00 0.24 0.11 99.67 
D10A1L4-
G2-g2 50.82 1.63 19.19 8.48 0.00 6.17 8.28 3.31 0.97 0.00 0.27 0.11 99.23 
D10A1L4-
G2-g3 51.01 1.54 19.10 8.72 0.14 6.22 8.34 3.43 0.95 0.00 0.32 0.14 99.91 
D10A1L4-
G2-g4 50.85 1.69 19.27 8.73 0.00 6.38 8.26 3.40 0.94 0.00 0.35 0.00 99.87 
D10A1L4-
G2-g5 50.72 1.50 18.99 8.89 0.09 6.19 8.34 3.42 0.93 0.00 0.24 0.00 99.31 
D10A1L4-
G3-g1 50.32 1.65 18.83 8.52 0.18 6.14 8.20 3.88 1.03 0.00 0.36 0.11 99.22 
D10A1L4-
G3-g2 50.18 1.52 19.12 8.87 0.00 6.15 8.28 3.84 1.02 0.00 0.35 0.00 99.33 
D10A1L4-
G3-g3 50.60 1.61 18.86 8.95 0.16 6.27 8.14 3.91 1.09 0.00 0.38 0.00 99.97 
D10A1L4-
G3-g4 50.28 1.64 19.08 8.75 0.24 6.18 8.36 3.82 1.06 0.00 0.31 0.00 99.72 
D10A1L4-
G3-g5 50.37 1.60 18.83 8.82 0.14 6.17 8.17 3.95 1.04 0.00 0.23 0.00 99.32 
D10A1L4-
G5-g1 50.89 1.45 19.07 8.67 0.00 6.29 8.26 3.39 0.89 0.00 0.28 0.00 99.19 
D10A1L4-
G5-g2 50.74 1.63 19.12 8.46 0.15 6.17 8.36 3.38 0.96 0.00 0.31 0.08 99.36 
D10A1L4-
G5-g3 50.75 1.60 18.97 8.32 0.19 6.38 8.28 3.35 0.95 0.00 0.29 0.00 99.08 
D10A1L4-
G5-g4 50.33 1.56 19.06 8.44 0.00 6.20 8.38 3.45 0.92 0.00 0.41 0.00 98.75 
D10A1L4-
G5-g5 50.83 1.38 19.15 8.49 0.09 6.24 8.13 3.29 0.93 0.00 0.29 0.14 98.96 
D10A1L6-
G1-g1 50.28 1.62 18.35 8.87 0.00 6.56 8.09 3.32 1.02 0.00 0.32 0.00 98.43 
D10A1L6-
G1-g2 50.08 1.58 18.48 9.04 0.13 6.50 7.87 3.25 1.03 0.00 0.23 0.10 98.29 
D10A1L6-
G1-g3 50.07 1.59 18.31 8.90 0.00 6.38 7.97 3.17 1.02 0.00 0.30 0.11 97.82 
D10A1L6-
G1-g4 49.74 1.62 18.16 8.78 0.09 6.37 8.04 3.22 0.96 0.00 0.23 0.12 97.33 
D10A1L6-
G1-g5 49.83 1.47 17.94 9.17 0.10 6.36 8.01 3.26 0.98 0.00 0.32 0.00 97.44 
D10A1L6-
G2-g1 50.30 1.43 19.13 8.19 0.12 6.30 8.39 3.47 1.02 0.00 0.30 0.00 98.65 
D10A1L6-
G2-g2 49.71 1.50 18.84 8.44 0.30 6.13 8.24 3.44 0.99 0.00 0.30 0.00 97.89 
D10A1L6-
G2-g3 50.13 1.59 18.72 8.67 0.00 6.25 8.27 3.50 0.98 0.00 0.21 0.00 98.32 
D10A1L6-
G2-g4 50.17 1.41 19.06 8.56 0.11 6.21 8.16 3.38 0.94 0.00 0.34 0.00 98.34 
D10A1L6-
G2-g5 50.15 1.45 19.23 8.32 0.13 6.25 8.32 3.47 0.98 0.00 0.29 0.00 98.59 
D10A1L6-
G3-g1 50.72 1.59 18.89 8.69 0.15 6.09 7.96 3.26 0.96 0.00 0.27 0.00 98.58 
D10A1L6-




G3-g3 50.57 1.67 19.06 8.60 0.30 6.12 8.05 3.31 0.96 0.00 0.19 0.00 98.83 
D10A1L6-
G3-g4 50.37 1.59 19.03 8.45 0.00 6.10 8.29 3.31 0.97 0.00 0.21 0.00 98.32 
D10A1L6-
G3-g5 50.41 1.50 19.16 8.70 0.25 6.40 8.23 3.23 1.05 0.00 0.26 0.00 99.19 
D10A1L6-
G4-g1 49.52 1.61 18.60 8.69 0.00 6.66 8.07 3.55 1.00 0.00 0.37 0.00 98.07 
D10A1L6-
G4-g2 49.78 1.59 18.41 8.59 0.13 6.53 7.99 3.63 1.00 0.00 0.20 0.18 98.03 
D10A1L6-
G4-g3 50.07 1.67 18.37 8.89 0.12 6.54 8.15 3.72 1.07 0.00 0.29 0.00 98.89 
D10A1L6-
G4-g4 50.03 1.58 18.47 8.74 0.16 6.52 8.13 3.66 0.98 0.00 0.25 0.00 98.52 
D10A1L6-
G4-g5 50.08 1.62 18.30 8.65 0.18 6.40 7.98 3.72 0.99 0.00 0.28 0.00 98.20 
D10A1L8-
G1-g1 50.30 1.51 18.81 8.75 0.22 6.23 8.10 3.67 1.03 0.00 0.17 0.10 98.89 
D10A1L8-
G1-g2 49.96 1.61 18.64 8.52 0.09 6.19 8.13 3.71 0.96 0.11 0.37 0.00 98.29 
D10A1L8-
G1-g3 49.88 1.57 18.74 8.92 0.00 6.25 8.11 3.64 0.95 0.00 0.40 0.00 98.46 
D10A1L8-
G1-g4 49.76 1.64 18.54 8.50 0.10 6.18 7.98 3.67 1.01 0.15 0.30 0.00 97.83 
D10A1L8-
G1-g5 49.83 1.57 18.68 8.48 0.14 6.22 8.17 3.73 0.99 0.10 0.25 0.00 98.16 
D10A1L8-
G2-g1 50.23 1.55 19.13 8.71 0.19 6.38 8.18 3.75 0.93 0.09 0.25 0.00 99.39 
D10A1L8-
G2-g2 50.14 1.56 18.86 8.63 0.10 6.16 8.29 3.81 0.87 0.00 0.19 0.00 98.61 
D10A1L8-
G2-g3 50.42 1.72 19.23 8.28 0.20 6.26 8.38 3.81 0.98 0.00 0.36 0.00 99.64 
D10A1L8-
G2-g4 50.35 1.59 19.13 8.42 0.00 6.31 8.10 3.76 1.05 0.00 0.37 0.12 99.20 
D10A1L8-
G2-g5 50.51 1.55 19.06 8.47 0.20 6.55 8.37 3.70 1.04 0.00 0.27 0.00 99.72 
D10A1L8-
G3-g1 50.49 1.52 19.00 8.49 0.10 6.44 8.27 3.71 1.09 0.00 0.21 0.00 99.32 
D10A1L8-
G3-g2 50.19 1.53 19.06 8.61 0.14 6.31 8.23 3.71 1.01 0.00 0.23 0.19 99.21 
D10A1L8-
G3-g3 50.22 1.59 19.02 8.45 0.00 6.34 8.37 3.75 0.98 0.00 0.30 0.00 99.02 
D10A1L8-
G3-g4 49.75 1.45 19.10 8.53 0.24 6.37 8.22 3.73 1.03 0.00 0.26 0.00 98.68 
D10A1L8-
G3-g5 49.88 1.43 18.81 8.80 0.23 6.44 8.39 3.73 0.95 0.00 0.22 0.00 98.88 
D10A1L8-
G4-g1 50.09 1.61 18.71 8.65 0.15 6.37 8.16 3.64 1.02 0.00 0.38 0.00 98.78 
D10A1L8-
G4-g2 50.49 1.57 18.73 8.80 0.19 6.24 8.16 3.68 1.03 0.00 0.27 0.00 99.16 
D10A1L8-
G4-g3 50.16 1.54 18.86 9.01 0.13 6.29 8.16 3.75 1.05 0.00 0.25 0.00 99.20 
D10A1L8-
G4-g4 49.90 1.43 18.68 8.69 0.11 6.24 8.12 3.73 0.98 0.00 0.22 0.00 98.10 
D10A1L8-
G4-g5 50.45 1.62 18.67 8.67 0.10 6.28 8.05 3.66 0.99 0.00 0.32 0.00 98.81 
D10A1L10-
G2-g1 50.13 1.65 18.40 9.08 0.00 6.17 8.16 3.23 1.03 0.00 0.25 0.00 98.10 
D10A1L10-
G2-g2 50.52 1.74 18.39 9.12 0.22 6.12 7.90 3.34 1.01 0.00 0.29 0.00 98.65 
D10A1L10-
G2-g3 49.92 1.69 18.42 8.98 0.17 6.00 8.03 3.46 1.05 0.00 0.26 0.10 98.08 
D10A1L10-
G2-g4 50.30 1.62 18.32 8.82 0.00 6.05 8.01 3.27 0.99 0.11 0.36 0.00 97.85 
D10A1L10-
G2-g5 50.30 1.55 18.19 9.11 0.11 6.12 8.05 3.29 1.04 0.00 0.24 0.00 98.00 
D10A1L10-
G3-g1 50.56 1.85 18.36 9.00 0.14 6.09 8.01 3.31 1.02 0.00 0.20 0.00 98.54 
D10A1L10-
G3-g2 50.49 1.64 18.42 8.83 0.18 6.17 7.99 3.32 1.02 0.00 0.30 0.00 98.36 
D10A1L10-
G3-g3 50.47 1.68 18.46 9.07 0.18 5.96 7.89 3.38 1.02 0.00 0.36 0.00 98.47 
D10A1L10-
G3-g4 50.46 1.73 18.41 9.06 0.00 5.98 7.99 3.25 1.07 0.00 0.34 0.00 98.29 
D10A1L10-
G3-g5 50.23 1.68 18.29 9.02 0.21 6.06 8.04 3.32 1.11 0.00 0.35 0.09 98.40 
D10A1L10-
G4-g1 50.37 1.80 18.13 8.96 0.19 6.00 7.78 3.34 1.06 0.00 0.28 0.00 97.91 
D10A1L10-
G4-g2 50.14 1.68 18.06 9.24 0.16 5.92 7.68 3.34 1.09 0.00 0.37 0.09 97.77 
D10A1L10-
G4-g3 50.30 1.66 18.21 9.29 0.00 5.95 7.83 3.33 1.02 0.00 0.33 0.00 97.92 
D10A1L10-
G4-g4 50.46 1.71 18.18 9.08 0.13 5.96 7.95 3.42 1.09 0.00 0.26 0.00 98.24 
D10A1L10-
G4-g5 50.17 1.68 18.05 8.88 0.23 5.94 7.67 3.33 1.04 0.00 0.35 0.00 97.34 
D10A1L10-




G5-g2 50.00 1.63 18.05 9.16 0.10 5.98 7.74 3.36 1.06 0.00 0.21 0.11 97.40 
D10A1L10-
G5-g3 50.22 1.71 18.22 9.30 0.10 6.14 7.97 3.36 1.07 0.00 0.34 0.10 98.53 
D10A1L10-
G5-g4 50.04 1.77 18.32 9.05 0.20 6.11 7.84 3.34 1.05 0.08 0.34 0.00 98.14 
D10A1L10-
G5-g5 50.35 1.66 17.94 9.22 0.20 5.89 7.90 3.30 1.06 0.00 0.25 0.00 97.77 
D10A1L12-
G1-g1 50.65 1.73 18.19 8.78 0.16 5.27 7.78 3.26 1.07 0.00 0.45 0.10 97.44 
D10A1L12-
G1-g2 51.30 1.70 18.03 8.96 0.13 5.38 7.67 3.26 1.22 0.00 0.31 0.16 98.12 
D10A1L12-
G1-g3 51.25 1.74 18.17 8.87 0.12 5.15 7.75 3.27 1.14 0.00 0.26 0.09 97.81 
D10A1L12-
G1-g4 50.49 1.85 18.25 8.91 0.13 5.23 7.97 3.32 1.16 0.00 0.38 0.08 97.77 
D10A1L12-
G1-g5 50.59 1.84 17.98 8.79 0.13 5.42 7.88 3.18 1.17 0.00 0.31 0.12 97.41 
D10A1L12-
G2-g1 50.98 1.79 17.80 9.10 0.14 5.37 7.58 3.34 1.25 0.00 0.41 0.00 97.76 
D10A1L12-
G2-g2 50.67 1.87 17.68 9.12 0.00 5.54 7.50 3.29 1.15 0.00 0.31 0.00 97.13 
D10A1L12-
G2-g3 50.68 1.78 17.84 9.08 0.18 5.46 7.57 3.24 1.23 0.00 0.32 0.13 97.51 
D10A1L12-
G2-g4 50.86 1.79 17.60 9.03 0.14 5.42 7.75 3.33 1.22 0.00 0.36 0.15 97.65 
D10A1L12-
G2-g5 50.90 1.83 17.88 9.08 0.10 5.48 7.70 3.33 1.21 0.00 0.35 0.00 97.86 
D10A1L12-
G3-g1 50.89 1.83 17.73 9.09 0.11 5.22 7.58 3.18 1.19 0.00 0.37 0.00 97.19 
D10A1L12-
G3-g2 51.48 1.80 17.79 9.25 0.12 5.26 7.52 3.29 1.21 0.00 0.34 0.00 98.06 
D10A1L12-
G3-g3 50.98 1.78 17.87 9.10 0.18 5.29 7.48 3.21 1.25 0.00 0.39 0.00 97.53 
D10A1L12-
G3-g4 51.11 1.74 17.98 9.00 0.10 5.28 7.46 3.19 1.26 0.00 0.29 0.00 97.41 
D10A1L12-
G3-g5 51.43 1.77 17.78 9.21 0.12 5.26 7.62 3.32 1.17 0.00 0.33 0.00 98.01 
D10A1L12-
G4-g1 50.49 1.69 18.09 8.79 0.11 5.66 7.72 3.20 1.05 0.00 0.26 0.09 97.15 
D10A1L12-
G4-g2 50.79 1.76 18.30 8.68 0.09 5.77 7.80 3.19 1.05 0.00 0.33 0.00 97.76 
D10A1L12-
G4-g3 50.70 1.65 18.22 8.68 0.22 5.56 7.80 3.26 1.11 0.00 0.31 0.00 97.51 
D10A1L12-
G4-g4 50.64 1.68 18.11 8.62 0.15 5.66 7.87 3.16 1.14 0.00 0.37 0.00 97.40 
D10A1L12-
G4-g5 50.94 1.41 18.32 8.74 0.00 5.67 7.83 3.23 1.14 0.00 0.33 0.10 97.71 
D10A3L1-
Z1-g1 50.45 1.77 18.42 8.63 0.10 6.06 7.90 3.29 1.11 0.00 0.31 0.13 98.30 
D10A3L1-
Z1-g2 50.34 1.50 18.69 8.62 0.17 6.20 8.08 3.42 1.01 0.00 0.29 0.00 98.32 
D10A3L1-
Z1-g3 50.52 1.61 18.54 8.66 0.09 6.33 7.89 3.24 1.03 0.00 0.39 0.00 98.30 
D10A3L1-
Z1-g4 50.27 1.60 18.50 8.69 0.29 6.34 7.89 3.42 1.00 0.00 0.25 0.00 98.25 
D10A3L1-
Z1-g5 50.20 1.57 18.36 8.87 0.17 6.24 7.72 3.30 1.08 0.00 0.27 0.00 97.78 
D10A3L1-
Z2-g1 49.22 1.57 18.32 8.37 0.18 5.89 7.98 3.64 1.03 0.00 0.24 0.00 96.44 
D10A3L1-
Z2-g2 48.53 1.63 17.91 8.77 0.16 6.15 7.94 3.68 0.95 0.00 0.35 0.00 96.07 
D10A3L1-
Z2-g3 49.19 1.64 18.47 8.71 0.11 6.04 7.92 3.76 1.05 0.00 0.27 0.00 97.16 
D10A3L1-
Z2-g4 49.68 1.58 18.46 8.35 0.25 6.19 8.01 3.78 1.01 0.00 0.33 0.07 97.78 
D10A3L1-
Z2-g5 49.48 1.70 17.65 8.78 0.00 5.98 7.73 3.77 1.07 0.00 0.14 0.10 96.50 
D10A3L1-
Z3-g1 50.48 1.45 18.79 8.75 0.19 6.20 8.15 3.85 1.10 0.00 0.33 0.09 99.47 
D10A3L1-
Z3-g2 50.88 1.67 18.64 8.49 0.13 6.11 8.16 3.71 1.01 0.00 0.32 0.14 99.40 
D10A3L1-
Z3-g3 50.69 1.69 18.97 8.80 0.00 6.05 8.06 3.91 1.09 0.00 0.31 0.08 99.73 
D10A3L1-
Z3-g4 50.56 1.63 18.69 8.78 0.17 6.29 8.34 3.80 1.04 0.00 0.27 0.09 99.75 
D10A3L1-
Z3-g5 49.76 1.57 18.47 8.44 0.11 6.17 8.25 3.75 1.07 0.00 0.33 0.08 98.08 
D10A3L1-
Z4-g1 50.77 1.60 18.63 8.84 0.15 6.08 8.31 3.98 1.02 0.00 0.30 0.11 99.90 
D10A3L1-
Z4-g2 50.68 1.57 19.04 8.54 0.00 6.15 8.15 3.86 1.08 0.00 0.25 0.00 99.32 
D10A3L1-
Z4-g3 50.61 1.58 18.86 8.64 0.12 6.10 8.03 3.94 1.10 0.00 0.26 0.00 99.24 
D10A3L1-
Z4-g4 50.59 1.68 18.89 8.55 0.22 6.14 8.28 3.97 1.07 0.00 0.36 0.00 99.75 
D10A3L1-




G1-g1 50.96 1.69 18.33 9.09 0.20 5.76 7.97 3.92 1.14 0.00 0.29 0.16 99.67 
D10A3L2-
G1-g2 50.71 1.75 18.12 9.02 0.29 5.68 7.98 3.98 1.18 0.00 0.22 0.00 98.93 
D10A3L2-
G1-g3 51.28 1.73 18.29 9.17 0.18 5.63 7.97 3.97 1.12 0.00 0.34 0.00 99.68 
D10A3L2-
G1-g4 51.05 1.76 18.34 9.09 0.00 5.74 8.02 4.02 1.10 0.00 0.29 0.09 99.59 
D10A3L2-
G1-g5 51.09 1.71 18.30 9.15 0.00 5.79 7.90 3.94 1.11 0.00 0.31 0.09 99.48 
D10A3L2-
G2-g1 50.47 1.64 18.69 8.62 0.16 6.16 8.15 3.79 1.01 0.00 0.41 0.12 99.34 
D10A3L2-
G2-g2 50.44 1.56 18.80 8.77 0.00 6.24 8.26 3.88 1.05 0.00 0.33 0.08 99.49 
D10A3L2-
G2-g3 50.54 1.46 18.64 8.58 0.15 6.09 8.09 3.84 1.03 0.00 0.24 0.00 98.66 
D10A3L2-
G2-g4 50.42 1.47 18.45 8.70 0.00 6.26 7.92 3.77 1.06 0.16 0.32 0.00 98.53 
D10A3L2-
G2-g5 50.58 1.48 18.74 8.57 0.22 6.15 8.04 3.78 1.05 0.00 0.19 0.00 98.80 
D10A3L2-
G3-g1 50.35 1.62 18.54 8.44 0.21 6.38 8.09 3.80 1.04 0.00 0.26 0.08 98.89 
D10A3L2-
G3-g2 50.41 1.62 18.55 8.92 0.10 6.30 8.10 3.92 1.01 0.00 0.31 0.00 99.24 
D10A3L2-
G3-g3 50.09 1.72 18.68 8.48 0.22 6.31 8.08 3.80 1.07 0.00 0.34 0.10 98.99 
D10A3L2-
G3-g4 50.44 1.66 18.67 8.82 0.11 6.35 8.21 3.86 1.02 0.00 0.30 0.00 99.44 
D10A3L2-
G3-g5 49.94 1.49 18.59 8.87 0.14 6.21 8.00 3.94 1.08 0.00 0.28 0.13 98.80 
D10A3L2-
G4-g1 50.63 1.54 18.71 8.77 0.10 6.14 8.13 3.43 1.06 0.00 0.28 0.00 98.79 
D10A3L2-
G4-g2 50.39 1.64 18.64 8.65 0.00 6.20 8.03 3.40 1.03 0.00 0.35 0.09 98.51 
D10A3L2-
G4-g3 50.56 1.62 18.44 8.75 0.16 6.00 7.93 3.23 1.09 0.00 0.29 0.00 98.07 
D10A3L2-
G4-g4 50.64 1.49 18.67 8.77 0.00 6.07 7.98 3.22 1.13 0.00 0.31 0.08 98.44 
D10A3L2-
G4-g5 50.43 1.75 18.18 9.09 0.19 6.29 7.78 3.35 1.08 0.00 0.32 0.00 98.46 
D10A3L3-
G1-g1 50.58 1.59 18.29 8.92 0.12 6.00 7.82 3.32 1.10 0.00 0.21 0.10 98.15 
D10A3L3-
G1-g2 50.28 1.65 18.23 8.74 0.00 5.90 7.80 3.38 1.10 0.17 0.29 0.11 97.76 
D10A3L3-
G1-g3 50.45 1.66 18.36 8.75 0.19 6.00 8.07 3.50 1.09 0.00 0.33 0.16 98.72 
D10A3L3-
G1-g4 50.48 1.60 18.62 9.06 0.00 5.96 7.92 3.49 1.04 0.00 0.22 0.00 98.39 
D10A3L3-
G1-g5 50.32 1.65 18.35 8.67 0.16 5.88 7.92 3.41 1.08 0.00 0.23 0.00 97.67 
D10A3L3-
G2-g1 50.53 1.57 18.58 8.32 0.15 6.03 8.14 3.59 1.10 0.00 0.32 0.11 98.55 
D10A3L3-
G2-g2 50.07 1.63 18.92 8.74 0.20 5.95 8.01 3.47 1.05 0.00 0.26 0.00 98.30 
D10A3L3-
G2-g3 50.75 1.66 19.02 8.87 0.23 6.05 8.01 3.53 1.05 0.10 0.35 0.10 99.82 
D10A3L3-
G2-g4 50.75 1.55 18.89 8.61 0.11 5.95 8.02 3.57 1.06 0.17 0.26 0.09 99.12 
D10A3L3-
G2-g5 50.31 1.65 18.84 8.44 0.09 5.94 8.16 3.48 1.12 0.00 0.35 0.00 98.38 
D10A3L3-
G3-g1 49.82 1.66 18.34 8.60 0.18 6.24 7.81 3.77 1.02 0.00 0.27 0.00 97.71 
D10A3L3-
G3-g2 49.63 1.70 18.19 8.47 0.13 5.95 7.80 3.78 1.02 0.00 0.37 0.13 97.30 
D10A3L3-
G3-g3 49.72 1.62 18.50 8.43 0.15 6.07 7.77 3.77 1.00 0.00 0.29 0.00 97.32 
D10A3L3-
G3-g4 49.90 1.56 18.33 8.56 0.16 6.20 7.96 3.75 1.05 0.00 0.27 0.00 97.74 
D10A3L3-
G3-g5 49.72 1.53 18.49 8.66 0.11 6.15 7.91 3.69 1.10 0.00 0.22 0.00 97.58 
D10A3L3-
G4-g1 49.80 1.73 17.83 8.64 0.15 6.09 7.84 3.73 1.03 0.00 0.33 0.00 97.17 
D10A3L3-
G4-g2 50.28 1.71 17.82 8.99 0.21 6.04 7.74 3.75 1.13 0.00 0.37 0.00 98.04 
D10A3L3-
G4-g3 49.22 1.72 17.79 8.95 0.16 6.19 7.67 3.61 1.06 0.00 0.21 0.14 96.86 
D10A3L3-
G4-g4 49.52 1.58 17.78 8.83 0.10 6.17 7.74 3.70 1.15 0.00 0.25 0.00 96.82 
D10A3L3-
G4-g5 49.17 1.73 17.78 8.77 0.15 6.03 7.73 3.66 1.12 0.00 0.34 0.12 96.72 
D12A2L1-
G1-g1 50.02 1.78 17.70 9.44 0.11 6.10 7.94 3.77 1.08 0.00 0.33 0.09 98.36 
D12A2L1-
G1-g2 49.73 1.74 17.40 9.73 0.16 6.07 7.73 3.81 1.20 0.09 0.39 0.00 98.05 
D12A2L1-
G1-g3 49.98 1.79 17.76 9.42 0.22 6.04 7.93 3.79 1.10 0.00 0.33 0.00 98.36 
D12A2L1-




G1-g5 49.80 1.74 17.68 9.45 0.18 6.05 7.84 3.83 1.09 0.00 0.26 0.16 98.08 
D12A2L1-
G2-g1 50.12 1.68 18.07 9.02 0.14 6.00 7.93 3.72 1.06 0.00 0.36 0.00 98.10 
D12A2L1-
G2-g2 49.98 1.63 17.92 8.95 0.00 5.93 7.92 3.64 1.02 0.00 0.21 0.00 97.20 
D12A2L1-
G2-g3 49.92 1.69 17.83 9.15 0.00 5.97 7.89 3.56 1.02 0.00 0.29 0.00 97.32 
D12A2L1-
G2-g4 49.95 1.74 17.74 9.09 0.11 5.95 7.80 3.61 1.03 0.00 0.36 0.00 97.38 
D12A2L1-
G2-g5 50.17 1.62 18.15 9.02 0.13 5.90 7.68 3.53 1.03 0.00 0.33 0.08 97.64 
D12A2L1-
G3-g1 50.41 1.73 17.92 9.29 0.00 6.31 8.01 3.49 1.00 0.00 0.37 0.00 98.53 
D12A2L1-
G3-g2 50.54 1.80 17.91 9.07 0.09 6.27 7.78 3.64 1.03 0.10 0.32 0.00 98.55 
D12A2L1-
G3-g3 50.82 1.74 18.14 9.59 0.12 6.50 8.03 3.61 1.06 0.00 0.36 0.00 99.97 
D12A2L1-
G3-g4 50.26 1.58 18.00 9.40 0.21 6.37 8.07 3.59 1.02 0.00 0.38 0.00 98.88 
D12A2L1-
G3-g5 50.39 1.68 17.59 9.26 0.16 6.20 7.76 3.63 1.02 0.12 0.25 0.00 98.06 
D12A2L2-
G1-g1 49.70 1.65 17.67 9.08 0.13 6.12 7.90 3.89 1.15 0.00 0.24 0.00 97.53 
D12A2L2-
G1-g2 49.74 1.82 17.75 9.06 0.15 6.15 8.14 3.87 1.05 0.00 0.29 0.13 98.15 
D12A2L2-
G1-g3 49.46 1.64 17.88 9.06 0.26 6.18 7.81 3.88 1.09 0.00 0.31 0.00 97.57 
D12A2L2-
G1-g4 49.64 1.67 17.67 9.28 0.00 6.11 7.93 4.04 1.01 0.00 0.34 0.12 97.81 
D12A2L2-
G1-g5 49.04 1.68 17.82 9.02 0.21 6.11 7.96 3.90 1.02 0.00 0.28 0.12 97.16 
D12A2L2-
G2-g1 49.54 1.65 18.65 8.69 0.21 6.38 8.11 3.99 0.98 0.00 0.25 0.00 98.45 
D12A2L2-
G2-g2 49.18 1.52 18.40 8.83 0.16 6.21 8.18 3.95 1.00 0.00 0.24 0.08 97.75 
D12A2L2-
G2-g3 49.53 1.62 18.35 8.89 0.11 6.41 8.20 3.85 1.05 0.00 0.25 0.00 98.26 
D12A2L2-
G2-g4 49.85 1.62 18.50 8.56 0.18 6.39 8.04 3.98 1.05 0.00 0.35 0.09 98.61 
D12A2L2-
G2-g5 49.25 1.53 18.36 8.85 0.28 6.26 8.13 3.83 1.01 0.00 0.26 0.00 97.76 
D12A2L2-
G5-g1 49.51 1.77 18.48 9.07 0.25 6.18 8.21 3.93 0.97 0.00 0.28 0.00 98.65 
D12A2L2-
G5-g2 49.85 1.61 18.19 8.92 0.13 6.19 8.14 3.89 1.01 0.00 0.19 0.11 98.23 
D12A2L2-
G5-g3 50.04 1.62 18.36 9.02 0.00 6.25 8.05 3.95 1.08 0.09 0.36 0.00 98.82 
D12A2L2-
G5-g4 49.47 1.63 18.20 8.66 0.20 6.14 8.24 4.04 1.06 0.00 0.33 0.15 98.12 
D12A2L2-
G5-g5 49.93 1.57 18.39 8.94 0.00 6.29 8.06 3.83 1.02 0.00 0.24 0.00 98.27 
D12A2L3-
G1-g1 50.57 1.62 18.55 8.81 0.16 6.10 8.09 3.39 1.01 0.00 0.32 0.00 98.62 
D12A2L3-
G1-g2 50.69 1.60 18.13 8.48 0.23 6.05 8.00 3.31 0.95 0.00 0.29 0.00 97.73 
D12A2L3-
G1-g3 50.51 1.64 18.30 8.64 0.21 6.04 8.02 3.37 0.96 0.00 0.16 0.07 97.92 
D12A2L3-
G1-g4 50.50 1.44 18.37 8.79 0.15 6.07 7.92 3.34 0.92 0.10 0.22 0.00 97.82 
D12A2L3-
G1-g5 50.33 1.60 18.28 8.91 0.18 6.05 7.90 3.31 0.93 0.00 0.34 0.00 97.83 
D12A2L3-
G2-g1 49.51 1.40 18.00 8.97 0.12 6.63 8.01 3.92 1.02 0.00 0.33 0.00 97.91 
D12A2L3-
G2-g2 49.30 1.58 17.95 8.88 0.00 6.61 8.03 3.94 0.97 0.00 0.39 0.00 97.65 
D12A2L3-
G2-g3 49.27 1.58 17.88 8.81 0.09 6.49 7.79 4.08 0.95 0.00 0.32 0.00 97.26 
D12A2L3-
G2-g4 48.75 1.52 18.08 9.06 0.25 6.51 7.82 4.00 1.00 0.00 0.30 0.00 97.29 
D12A2L3-
G2-g5 48.82 1.53 17.77 8.77 0.00 6.53 7.93 3.96 1.00 0.00 0.28 0.09 96.68 
D12A2L3-
G3-g1 49.97 1.70 18.49 8.96 0.20 6.37 8.03 3.47 1.01 0.00 0.27 0.08 98.55 
D12A2L3-
G3-g2 50.27 1.68 18.12 9.08 0.10 6.49 8.22 3.36 1.00 0.00 0.24 0.00 98.56 
D12A2L3-
G3-g3 49.71 1.58 18.21 8.81 0.09 6.32 8.12 3.42 1.02 0.00 0.32 0.10 97.70 
D12A2L3-
G3-g4 50.35 1.68 18.52 8.85 0.13 6.45 8.21 3.60 0.99 0.00 0.24 0.16 99.18 
D12A2L3-
G3-g5 50.69 1.59 18.64 9.02 0.13 6.36 7.92 3.50 0.99 0.00 0.24 0.00 99.08 
D12A2L3-
G4-g1 50.50 1.71 17.86 9.15 0.20 5.81 7.73 3.32 1.04 0.00 0.31 0.00 97.63 
D12A2L3-
G4-g2 50.13 1.77 17.37 9.20 0.11 5.82 7.80 3.29 1.02 0.14 0.39 0.00 97.04 
D12A2L3-




G4-g4 50.84 1.73 17.74 9.44 0.13 6.00 7.70 3.32 1.02 0.00 0.37 0.00 98.29 
D12A2L3-
G4-g5 50.22 1.66 17.69 9.52 0.19 5.92 7.69 3.45 1.07 0.00 0.30 0.00 97.71 
D12A2L3-
G5-g1 50.53 1.68 18.53 8.71 0.14 6.04 8.06 3.32 0.95 0.11 0.28 0.14 98.49 
D12A2L3-
G5-g2 50.71 1.67 18.37 8.48 0.24 5.81 8.11 3.26 0.99 0.00 0.30 0.11 98.05 
D12A2L3-
G5-g3 50.85 1.57 18.36 8.55 0.10 5.85 8.02 3.22 0.93 0.11 0.36 0.00 97.92 
D12A2L3-
G5-g4 50.40 1.61 18.83 8.83 0.11 6.12 8.30 3.30 0.95 0.00 0.22 0.09 98.76 
D12A2L3-
G5-g5 50.14 1.56 18.58 8.39 0.24 5.93 8.05 3.22 0.93 0.00 0.29 0.11 97.44 
 
C6. Black Point (Site A) plagioclase major-element analysis 
LABEL SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Cr2O3 SO3 P2O5 Total 
D10A1L1-
G1-Plg1 51.93 0.00 31.25 0.57 0.00 0.24 13.69 4.02 0.21 0.00 0.00 0.00 101.91 
D10A1L1-
G2-Plg1 51.40 0.12 30.64 0.87 0.11 0.21 13.09 4.32 0.21 0.00 0.00 0.00 100.97 
D10A1L1-
G3-Plg1 50.10 0.16 30.62 0.87 0.11 0.18 13.40 3.75 0.17 0.00 0.00 0.00 99.36 
D10A1L1-
G3-Plg2 49.66 0.12 31.02 0.84 0.00 0.15 13.57 3.87 0.17 0.00 0.00 0.00 99.40 
D10A1L1-
G4-Plg1 51.25 0.11 30.98 0.68 0.00 0.00 13.64 4.01 0.16 0.00 0.00 0.00 100.83 
D10A1L1-
G4-Plg2 51.63 0.00 29.79 1.03 0.00 0.20 12.45 4.45 0.23 0.14 0.00 0.00 99.92 
D10A1L1-
G4-Plg3 51.06 0.18 30.40 0.73 0.00 0.22 13.16 4.19 0.22 0.00 0.00 0.00 100.16 
D10A1L1-
G4-Plg4 50.44 0.17 29.54 1.01 0.00 0.18 12.57 4.19 0.30 0.15 0.00 0.00 98.55 
D10A1L2-
G1-Plg1 51.32 0.00 31.20 0.81 0.00 0.29 13.85 4.02 0.14 0.00 0.00 0.00 101.63 
D10A1L2-
G1-Plg2 51.52 0.22 30.61 0.81 0.00 0.39 13.40 4.14 0.20 0.00 0.00 0.00 101.29 
D10A1L2-
G2-Plg1 50.83 0.17 29.34 0.65 0.18 0.29 12.31 4.32 0.27 0.00 0.00 0.00 98.36 
D10A1L2-
G2-Plg2 50.73 0.23 29.60 0.66 0.00 0.26 12.62 4.36 0.21 0.00 0.00 0.00 98.67 
D10A1L2-
G3-Plg1 50.95 0.00 31.15 0.74 0.00 0.19 13.51 3.90 0.18 0.00 0.00 0.00 100.62 
D10A1L2-
G3-Plg2 51.42 0.23 30.45 0.90 0.00 0.21 13.20 4.24 0.22 0.00 0.00 0.00 100.87 
D10A1L2-
G4-Plg1 52.10 0.12 30.28 0.76 0.12 0.12 12.67 4.38 0.24 0.00 0.00 0.00 100.79 
D10A1L2-
G5-Plg1 50.66 0.15 30.82 0.66 0.00 0.29 13.53 3.87 0.16 0.00 0.00 0.00 100.14 
D10A1L2-
G6-Plg1 49.50 0.00 30.61 0.81 0.00 0.15 13.37 3.67 0.20 0.00 0.00 0.00 98.31 
D10A1L3-
G1-Plg1 51.48 0.00 30.34 0.85 0.00 0.14 12.92 4.38 0.23 0.00 0.00 0.00 100.34 
D10A1L3-
G1-Plg2 51.16 0.11 30.13 0.99 0.00 0.40 12.83 4.16 0.14 0.11 0.00 0.00 100.03 
D10A1L3-
G1-Plg3 51.62 0.14 29.71 0.93 0.00 0.28 12.68 4.22 0.11 0.00 0.00 0.00 99.69 
D10A1L3-
G1-Plg4 50.90 0.13 30.23 0.97 0.00 0.35 12.93 4.16 0.18 0.00 0.00 0.00 98.85 
D10A1L3-
G1-Plg5 51.27 0.00 30.11 0.92 0.00 0.24 12.82 4.12 0.16 0.00 0.00 0.00 99.64 
D10A1L3-
G1-Plg6 50.94 0.00 30.61 1.02 0.00 0.29 13.10 4.14 0.20 0.00 0.00 0.00 100.30 
D10A1L3-
G1-Plg7 50.72 0.16 31.04 0.80 0.00 0.16 13.79 4.04 0.19 0.00 0.00 0.00 100.90 
D10A1L3-
G1-Plg8 51.06 0.00 30.97 0.84 0.14 0.19 13.55 4.00 0.12 0.00 0.00 0.00 100.87 
D10A1L3-
G2-Plg1 51.12 0.00 30.46 0.90 0.00 0.26 13.09 4.26 0.23 0.00 0.00 0.00 100.32 
D10A1L3-
G2-Plg2 50.96 0.00 30.30 0.58 0.00 0.28 12.89 4.19 0.11 0.00 0.00 0.00 99.31 
D10A1L3-
G3-Plg1 50.32 0.00 30.02 0.82 0.00 0.21 13.07 4.14 0.26 0.00 0.00 0.00 98.84 
D10A1L3-
G3-Plg2 50.28 0.10 30.13 0.76 0.00 0.21 13.35 3.92 0.23 0.00 0.00 0.00 98.98 
D10A1L3-
G3-Plg3 51.22 0.14 30.24 0.88 0.00 0.21 13.20 4.19 0.14 0.00 0.00 0.00 100.22 
D10A1L3-
G3-Plg4 50.76 0.21 30.55 0.69 0.00 0.22 13.12 4.04 0.23 0.00 0.00 0.00 99.82 
D10A1L4-
G2-Plg1 50.47 0.00 30.89 0.70 0.00 0.15 13.47 4.07 0.23 0.00 0.00 0.00 99.98 
D10A1L4-




G3-Plg2 51.55 0.00 30.25 0.91 0.00 0.42 13.15 4.08 0.26 0.00 0.00 0.00 100.62 
D10A1L4-
G4-Plg1 49.99 0.15 30.99 0.71 0.17 0.17 13.57 3.79 0.07 0.00 0.00 0.00 99.61 
D10A1L4-
G4-Plg2 49.71 0.14 30.65 0.87 0.00 0.21 13.37 3.93 0.17 0.00 0.00 0.00 99.05 
D10A1L4-
G4-Plg3 49.66 0.11 30.98 0.86 0.00 0.24 13.77 3.78 0.13 0.00 0.00 0.00 99.53 
D10A1L4-
G4-Plg4 50.79 0.10 30.34 0.67 0.00 0.17 13.20 4.21 0.24 0.00 0.00 0.00 99.72 
D10A1L4-
G4-Plg5 50.96 0.20 30.45 0.88 0.00 0.25 13.21 4.18 0.15 0.00 0.00 0.00 100.28 
D10A1L4-
G4-Plg6 50.96 0.14 31.41 0.54 0.00 0.18 13.80 3.92 0.09 0.00 0.00 0.00 101.04 
D10A1L5-
G1-Plg1 50.06 0.00 30.72 0.68 0.00 0.28 13.54 3.13 0.19 0.00 0.00 0.00 98.60 
D10A1L5-
G2-Plg1 52.00 0.00 31.27 0.66 0.00 0.16 12.99 3.61 0.19 0.00 0.00 0.00 100.88 
D10A1L5-
G2-Plg2 51.66 0.17 31.56 0.84 0.00 0.27 13.28 3.64 0.17 0.00 0.00 0.00 101.59 
D10A1L5-
G3-Plg1 51.87 0.00 30.94 0.76 0.00 0.31 13.54 3.54 0.14 0.00 0.00 0.00 101.10 
D10A1L5-
G3-Plg2 51.53 0.15 31.23 0.95 0.00 0.27 13.87 3.34 0.17 0.00 0.00 0.00 101.51 
D10A1L5-
G3-Plg3 50.71 0.17 30.18 1.00 0.00 0.49 13.58 3.31 0.29 0.00 0.00 0.00 99.73 
D10A1L5-
G4-Plg1 51.76 0.00 31.17 0.68 0.00 0.31 13.45 3.44 0.22 0.00 0.00 0.00 101.03 
D10A1L5-
G4-Plg2 52.24 0.00 30.90 0.73 0.00 0.18 12.98 3.56 0.18 0.00 0.00 0.00 100.77 
D10A1L5-
G4-Plg3 51.59 0.26 31.38 0.80 0.00 0.19 13.45 3.39 0.24 0.00 0.00 0.00 101.30 
D10A1L5-
G5-Plg1 49.94 0.17 32.16 0.55 0.00 0.15 14.49 2.94 0.05 0.00 0.00 0.00 100.45 
D10A1L5-
G5-Plg2 50.17 0.00 32.32 0.72 0.00 0.16 14.53 2.88 0.13 0.00 0.00 0.00 100.91 
D10A1L5-
G5-Plg3 51.36 0.00 30.40 1.12 0.00 0.94 12.94 3.42 0.16 0.00 0.00 0.00 100.34 
D10A1L5-
G6-Plg1 49.69 0.00 31.25 0.69 0.11 0.28 13.92 2.98 0.08 0.00 0.00 0.00 99.00 
D10A1L5-
G7-Plg1 51.63 0.20 30.72 1.31 0.00 0.56 13.48 3.56 0.21 0.00 0.00 0.00 101.67 
D10A1L5-
G8-Plg1 52.35 0.12 31.15 0.82 0.00 0.25 13.34 3.64 0.12 0.00 0.00 0.00 101.79 
D10A1L6-
g1-Plg1 50.50 0.00 31.45 0.84 0.00 0.30 13.69 3.12 0.11 0.00 0.00 0.00 100.01 
D10A1L6-
g1-Plg2 52.58 0.11 30.36 0.96 0.00 0.31 12.79 3.89 0.19 0.00 0.00 0.00 101.19 
D10A1L6-
g1-Plg3 51.37 0.20 31.04 0.72 0.00 0.28 13.65 3.43 0.14 0.00 0.00 0.00 100.83 
D10A1L6-
g1-Plg4 51.66 0.20 30.82 0.91 0.00 0.25 13.27 3.58 0.24 0.00 0.00 0.00 100.93 
D10A1L6-
G2-Plg1 50.68 0.17 30.41 0.72 0.00 0.18 13.13 3.47 0.18 0.00 0.00 0.00 98.94 
D10A1L6-
G3-Plg1 51.19 0.17 30.89 0.79 0.00 0.28 13.54 3.45 0.17 0.00 0.00 0.00 100.48 
D10A1L6-
G3-Plg2 51.81 0.17 31.25 0.83 0.00 0.34 13.42 3.41 0.20 0.00 0.00 0.00 101.43 
D10A1L6-
G4-Plg1 50.79 0.12 30.91 0.67 0.00 0.25 13.46 3.55 0.16 0.00 0.00 0.00 99.91 
D10A1L6-
G5-Plg1 51.14 0.00 30.43 0.79 0.21 0.32 13.29 4.06 0.24 0.00 0.00 0.00 100.48 
D10A1L6-
G5-Plg2 51.43 0.19 30.57 0.89 0.00 0.22 13.21 4.11 0.13 0.00 0.00 0.00 100.75 
D10A1L6-
G5-Plg3 51.38 0.17 30.12 0.99 0.12 0.28 13.05 4.22 0.21 0.00 0.00 0.00 100.54 
D10A1L7-
G1-Plg1 50.35 0.15 30.78 0.69 0.00 0.15 13.77 3.84 0.22 0.00 0.00 0.00 99.95 
D10A1L7-
G1-Plg2 50.20 0.15 31.04 0.79 0.00 0.21 13.95 3.65 0.11 0.00 0.00 0.00 100.10 
D10A1L7-
G1-Plg3 50.52 0.11 30.49 0.54 0.00 0.18 13.01 4.20 0.15 0.00 0.00 0.00 99.20 
D10A1L7-
G1-Plg4 49.55 0.19 30.59 0.56 0.00 0.13 13.68 3.63 0.10 0.00 0.00 0.00 98.43 
D10A1L7-
G1-Plg5 49.69 0.00 30.91 0.58 0.00 0.12 13.99 3.58 0.15 0.11 0.00 0.00 99.13 
D10A1L7-
G1-Plg6 50.45 0.11 30.60 0.86 0.13 0.20 13.34 3.98 0.15 0.00 0.00 0.00 99.82 
D10A1L7-
G2-Plg1 50.47 0.14 30.13 0.87 0.00 0.22 12.94 4.08 0.24 0.00 0.00 0.00 99.09 
D10A1L7-
G2-Plg2 50.48 0.00 30.78 0.62 0.00 0.11 13.48 3.86 0.24 0.00 0.00 0.00 99.57 
D10A1L7-
G2-Plg3 50.14 0.17 29.98 0.87 0.00 0.19 12.78 3.97 0.14 0.13 0.00 0.00 98.37 
D10A1L7-
G2-Plg4 50.58 0.10 30.27 0.81 0.12 0.25 13.22 4.03 0.18 0.00 0.00 0.00 99.56 
D10A1L7-




G3-Plg1 50.72 0.28 29.94 1.06 0.00 0.40 13.15 4.26 0.24 0.00 0.00 0.00 100.05 
D10A1L7-
G3-Plg2 51.18 0.40 28.75 0.99 0.00 0.48 12.04 4.21 0.24 0.00 0.00 0.00 98.29 
D10A1L7-
G3-Plg3 50.46 0.15 28.97 1.11 0.00 0.55 12.61 4.10 0.18 0.00 0.00 0.00 98.13 
D10A1L7-
G4-Plg1 50.44 0.25 29.43 0.98 0.12 0.45 12.79 4.15 0.20 0.00 0.00 0.00 98.81 
D10A1L7-
G5-Plg1 50.51 0.19 31.04 0.48 0.00 0.15 13.60 3.89 0.20 0.00 0.00 0.00 100.06 
D10A1L7-
G5-Plg2 50.59 0.11 29.79 0.88 0.00 0.20 13.14 4.14 0.23 0.00 0.00 0.00 99.08 
D10A1L7-
G5-Plg3 51.25 0.00 30.68 0.74 0.00 0.16 13.07 4.19 0.23 0.00 0.00 0.00 100.32 
D10A1L7-
G5-Plg4 51.69 0.31 29.55 1.08 0.00 0.37 12.77 4.14 0.23 0.15 0.00 0.00 100.29 
D10A1L7-
G5-Plg5 51.95 0.17 29.80 0.73 0.00 0.24 12.16 4.53 0.24 0.00 0.00 0.00 99.82 
D10A1L7-
G5-Plg6 51.45 0.21 29.49 0.90 0.11 0.43 12.31 4.60 0.21 0.00 0.00 0.00 99.71 
D10A1L8-
G1-Plg1 50.38 0.09 30.86 0.78 0.00 0.19 13.78 3.91 0.20 0.00 0.00 0.00 100.19 
D10A1L8-
G1-Plg2 50.43 0.15 30.83 0.87 0.00 0.18 13.78 3.91 0.19 0.00 0.00 0.00 100.34 
D10A1L8-
G1-Plg3 51.00 0.00 30.72 0.50 0.00 0.13 12.84 4.04 0.24 0.00 0.00 0.00 99.47 
D10A1L8-
G1-Plg4 50.20 0.30 29.74 1.06 0.00 0.42 13.02 4.11 0.26 0.00 0.00 0.00 99.11 
D10A1L8-
G1-Plg5 50.54 0.00 30.88 0.83 0.00 0.20 13.42 3.87 0.24 0.00 0.00 0.00 99.98 
D10A1L8-
G2-Plg1 50.28 0.11 30.68 0.60 0.00 0.21 13.49 3.74 0.25 0.00 0.00 0.00 99.36 
D10A1L8-
G2-Plg2 49.86 0.00 30.47 0.70 0.11 0.26 13.61 3.83 0.21 0.00 0.00 0.00 99.05 
D10A1L8-
G3-Plg1 49.26 0.00 30.66 1.01 0.00 0.22 13.57 3.80 0.12 0.00 0.00 0.00 98.64 
D10A1L8-
G3-Plg2 50.69 0.16 29.56 0.49 0.00 0.26 12.73 4.23 0.14 0.00 0.00 0.00 98.26 
D10A1L8-
G3-Plg3 51.32 0.10 30.50 0.89 0.11 0.24 13.29 4.14 0.10 0.00 0.00 0.00 100.69 
D10A1L8-
G3-Plg4 51.77 0.10 30.24 0.90 0.00 0.24 13.07 4.26 0.22 0.00 0.00 0.00 100.80 
D10A1L8-
G3-Plg5 51.08 0.12 29.33 0.89 0.00 0.39 12.74 4.11 0.21 0.00 0.00 0.00 98.87 
D10A1L8-
G4-Plg1 51.28 0.16 30.26 1.08 0.00 0.22 12.57 4.34 0.20 0.00 0.00 0.00 100.11 
D10A1L8-
G4-Plg2 50.93 0.16 30.47 0.72 0.00 0.30 13.17 4.06 0.19 0.00 0.00 0.00 100.00 
D10A1L8-
G4-Plg3 50.51 0.20 30.29 0.60 0.00 0.18 12.92 4.29 0.15 0.11 0.00 0.00 99.25 
D10A1L8-
G4-Plg4 50.93 0.10 30.50 0.58 0.00 0.16 13.13 4.07 0.24 0.00 0.00 0.00 99.71 
D10A1L8-
G5-Plg1 50.32 0.00 29.95 0.91 0.00 0.28 13.22 4.13 0.18 0.00 0.00 0.00 98.99 
D10A1L8-
G5-Plg2 50.06 0.00 29.79 0.92 0.00 0.27 12.97 4.10 0.20 0.00 0.00 0.00 98.31 
D10A1L8-
G5-Plg3 50.61 0.13 30.33 0.71 0.00 0.21 13.43 3.97 0.21 0.00 0.00 0.00 99.60 
D10A1L8-
G5-Plg4 51.46 0.15 29.88 0.81 0.00 0.24 13.27 3.98 0.19 0.00 0.00 0.00 99.98 
D10A1L8-
G6-Plg1 50.70 0.17 30.35 0.93 0.00 0.22 13.10 4.04 0.21 0.12 0.00 0.00 99.84 
D10A1L8-
G6-Plg2 50.80 0.00 30.29 0.81 0.14 0.16 13.03 4.26 0.17 0.00 0.00 0.00 99.66 
D10A1L8-
G6-Plg3 51.76 0.00 30.10 0.81 0.00 0.25 12.65 4.16 0.25 0.00 0.00 0.00 99.98 
D10A1L8-
G6-Plg4 51.33 0.16 30.19 0.82 0.00 0.20 13.31 4.24 0.11 0.00 0.00 0.00 100.36 
D10A1L8-
G7-Plg1 50.74 0.00 30.74 0.88 0.00 0.22 13.32 4.17 0.23 0.14 0.00 0.00 100.44 
D10A1L8-
G7-Plg2 50.77 0.00 30.27 0.60 0.00 0.20 13.21 3.96 0.24 0.00 0.00 0.00 99.25 
D10A1L8-
G8-Plg1 51.41 0.14 28.79 1.18 0.00 0.46 12.15 4.42 0.36 0.00 0.00 0.00 98.91 
D10A1L8-
G8-Plg2 50.60 0.00 28.89 0.90 0.00 0.30 12.43 4.36 0.29 0.00 0.00 0.00 97.77 
D10A1L8-
G8-Plg3 50.37 0.23 28.85 1.03 0.00 0.50 12.26 4.33 0.32 0.00 0.00 0.00 97.89 
D10A1L9-
G1-Plg1 51.48 0.00 30.91 0.75 0.14 0.17 13.46 3.57 0.25 0.00 0.00 0.00 100.73 
D10A1L9-
G1-Plg2 50.80 0.15 31.95 0.83 0.00 0.16 14.26 3.24 0.22 0.00 0.00 0.00 101.61 
D10A1L9-
G1-Plg3 51.46 0.26 30.52 1.09 0.00 0.24 13.61 3.40 0.27 0.00 0.00 0.00 100.85 
D10A1L9-
G1-Plg4 51.65 0.12 31.28 0.67 0.00 0.24 13.59 3.57 0.16 0.00 0.16 0.00 101.44 
D10A1L9-




G1-Plg6 50.78 0.00 30.14 0.65 0.00 0.17 13.35 3.43 0.21 0.00 0.00 0.00 98.73 
D10A1L9-
G1-Plg7 50.88 0.22 29.53 0.94 0.00 0.46 13.54 3.35 0.25 0.00 0.00 0.11 99.28 
D10A1L9-
G2-Plg1 50.28 0.13 31.93 0.70 0.00 0.24 14.54 3.01 0.10 0.00 0.00 0.00 100.93 
D10A1L9-
G2-Plg2 51.25 0.12 30.45 0.71 0.00 0.20 13.45 3.37 0.29 0.00 0.00 0.00 99.84 
D10A1L9-
G2-Plg3 52.05 0.16 31.20 0.85 0.00 0.26 13.41 3.55 0.14 0.00 0.00 0.00 101.62 
D10A1L9-
G2-Plg4 51.94 0.22 30.53 0.68 0.00 0.23 13.15 3.69 0.23 0.00 0.14 0.00 100.81 
D10A1L9-
G2-Plg5 51.34 0.35 29.68 1.39 0.00 0.65 13.37 3.46 0.38 0.00 0.14 0.00 100.76 
D10A1L9-
G3-Plg1 51.42 0.18 30.53 0.99 0.00 0.16 13.29 3.38 0.24 0.00 0.00 0.09 100.28 
D10A1L9-
G3-Plg2 51.46 0.12 30.28 0.88 0.00 0.24 13.35 3.37 0.28 0.00 0.00 0.00 99.98 
D10A1L9-
G3-Plg3 50.87 0.00 31.27 0.82 0.00 0.19 13.85 3.26 0.24 0.00 0.00 0.00 100.50 
D10A1L9-
G3-Plg4 51.09 0.14 30.98 0.78 0.00 0.19 13.55 3.21 0.16 0.00 0.00 0.00 100.10 
D10A1L9-
G3-Plg5 51.33 0.15 31.06 0.67 0.00 0.23 14.27 3.19 0.13 0.00 0.00 0.12 101.15 
D10A1L9-
G4-Plg1 51.02 0.00 31.24 0.82 0.00 0.13 14.27 3.22 0.10 0.00 0.00 0.00 100.80 
D10A1L9-
G4-Plg2 52.21 0.00 30.89 0.75 0.14 0.25 13.48 3.35 0.22 0.00 0.00 0.00 101.29 
D10A1L9-
G4-Plg3 51.01 0.19 31.06 0.79 0.00 0.18 13.74 3.33 0.15 0.00 0.00 0.00 100.45 
D10A1L9-
G4-Plg4 52.04 0.12 30.83 0.96 0.11 0.25 13.64 3.50 0.20 0.00 0.00 0.00 101.65 
D10A1L9-
G4-Plg5 51.93 0.00 31.19 0.88 0.00 0.20 13.60 3.58 0.23 0.00 0.10 0.00 101.71 
D10A1L10-
G1-Plg1 50.77 0.00 32.10 0.64 0.00 0.00 13.88 3.35 0.22 0.00 0.00 0.00 100.96 
D10A1L10-
G1-Plg2 50.82 0.00 30.93 1.11 0.00 0.21 13.96 3.55 0.18 0.18 0.00 0.00 100.94 
D10A1L10-
G1-Plg3 50.12 0.23 30.04 1.06 0.00 0.33 13.71 3.34 0.38 0.00 0.00 0.00 99.21 
D10A1L10-
G1-Plg4 50.56 0.00 31.83 0.94 0.00 0.13 14.09 3.38 0.19 0.00 0.00 0.00 101.12 
D10A1L10-
G1-Plg5 50.69 0.22 31.58 0.88 0.00 0.25 13.95 3.29 0.22 0.00 0.00 0.00 101.08 
D10A1L10-
G1-Plg6 50.61 0.22 31.27 0.78 0.18 0.23 14.08 3.44 0.26 0.00 0.00 0.00 101.07 
D10A1L10-
G1-Plg7 50.62 0.24 30.91 0.94 0.17 0.19 13.81 3.60 0.19 0.20 0.00 0.00 100.87 
D10A1L10-
G2-Plg1 50.38 0.20 31.05 0.84 0.00 0.23 14.00 3.26 0.27 0.00 0.00 0.00 100.23 
D10A1L10-
G2-Plg2 49.97 0.00 31.31 0.80 0.00 0.12 13.97 3.40 0.25 0.00 0.00 0.00 99.82 
D10A1L10-
G2-Plg3 50.17 0.28 30.09 1.06 0.00 0.36 13.71 3.17 0.33 0.00 0.00 0.00 99.17 
D10A1L10-
G2-Plg4 51.10 0.00 30.31 0.83 0.00 0.13 13.26 3.61 0.19 0.00 0.00 0.00 99.43 
D10A1L10-
G2-Plg5 50.43 0.00 31.36 0.77 0.00 0.29 13.73 3.18 0.14 0.00 0.00 0.00 99.90 
D10A1L10-
G2-Plg6 49.62 0.29 31.14 0.88 0.00 0.00 14.11 3.42 0.24 0.00 0.00 0.00 99.70 
D10A1L10-
G2-Plg7 51.06 0.18 29.92 1.01 0.25 0.35 12.53 3.75 0.30 0.00 0.14 0.00 99.49 
D10A1L10-
G2-Plg8 51.58 0.00 29.79 0.88 0.00 0.45 13.34 3.50 0.32 0.00 0.00 0.00 99.86 
D10A1L10-
G3-Plg1 50.42 0.00 30.99 0.53 0.00 0.23 13.18 3.64 0.29 0.00 0.00 0.00 99.28 
D10A1L10-
G3-Plg2 49.93 0.00 31.04 0.79 0.00 0.29 13.85 3.37 0.20 0.22 0.00 0.15 99.84 
D10A1L10-
G3-Plg3 49.91 0.00 31.86 0.71 0.00 0.10 14.71 3.04 0.18 0.00 0.18 0.00 100.69 
D10A1L10-
G3-Plg4 49.92 0.00 31.26 0.76 0.00 0.14 14.29 3.17 0.27 0.00 0.00 0.00 99.81 
D10A1L10-
G3-Plg5 50.25 0.00 32.02 0.96 0.00 0.16 14.37 3.18 0.11 0.21 0.00 0.00 101.26 
D10A1L10-
G3-Plg6 49.85 0.19 31.18 0.88 0.00 0.17 13.63 3.34 0.21 0.00 0.00 0.00 99.45 
D10A1L10-
G4-Plg1 49.97 0.19 30.99 0.85 0.00 0.00 13.47 3.39 0.16 0.00 0.00 0.00 99.02 
D10A1L10-
G4-Plg2 50.67 0.00 30.87 0.94 0.00 0.24 13.81 3.35 0.19 0.00 0.00 0.00 100.07 
D10A1L10-
G4-Plg3 50.61 0.19 31.47 0.45 0.00 0.09 13.14 3.59 0.31 0.00 0.00 0.00 99.85 
D10A1L10-
G4-Plg4 49.77 0.18 31.74 0.85 0.00 0.00 14.84 3.12 0.26 0.00 0.00 0.00 100.76 
D10A1L10-
G4-Plg5 50.30 0.20 30.14 0.89 0.00 0.19 12.89 3.67 0.24 0.00 0.00 0.00 98.52 
D10A1L10-




G4-Plg7 49.87 0.24 30.56 0.69 0.00 0.12 13.75 3.29 0.16 0.00 0.15 0.00 98.83 
D10A1L10-
G4-Plg8 51.87 0.17 30.75 0.58 0.00 0.00 13.96 3.62 0.25 0.00 0.00 0.00 101.20 
D10A1L10-
G4-Plg9 50.40 0.00 30.85 0.61 0.00 0.21 13.70 3.30 0.20 0.00 0.00 0.00 99.27 
D10A1L10-
G4-Plg10 50.97 0.22 31.25 0.30 0.00 0.13 13.64 3.62 0.19 0.00 0.00 0.00 100.32 
D10A1L10-
G5-Plg1 49.30 0.29 31.10 0.45 0.00 0.15 13.61 3.12 0.13 0.17 0.18 0.00 98.50 
D10A1L10-
G5-Plg2 50.26 0.00 31.47 0.80 0.00 0.23 13.69 3.29 0.16 0.00 0.00 0.00 99.90 
D10A1L10-
G5-Plg3 49.02 0.00 31.31 0.61 0.00 0.19 13.79 3.25 0.12 0.00 0.00 0.00 98.29 
D10A1L10-
G5-Plg4 51.73 0.37 31.00 0.71 0.32 0.17 13.40 3.59 0.28 0.00 0.00 0.00 101.57 
D10A1L10-
G5-Plg5 50.36 0.21 30.08 1.36 0.00 0.19 13.31 3.42 0.22 0.00 0.00 0.00 99.15 
D10A1L11-
G1-Plg1 51.62 0.00 30.90 0.63 0.00 0.00 13.35 3.72 0.24 0.00 0.00 0.00 100.46 
D10A1L11-
G1-Plg2 49.49 0.00 31.93 0.59 0.00 0.26 14.69 3.09 0.19 0.00 0.15 0.00 100.39 
D10A1L11-
G1-Plg3 50.70 0.00 31.87 0.86 0.00 0.26 14.03 3.24 0.21 0.00 0.00 0.00 101.17 
D10A1L11-
G1-Plg4 51.14 0.00 29.88 1.33 0.18 0.53 13.07 3.63 0.20 0.00 0.00 0.00 99.96 
D10A1L11-
G1-Plg5 50.08 0.00 32.38 1.10 0.00 0.13 14.80 3.01 0.09 0.00 0.00 0.00 101.59 
D10A1L11-
G2-Plg1 48.75 0.00 32.02 0.67 0.00 0.14 14.10 3.06 0.11 0.00 0.00 0.00 98.85 
D10A1L11-
G2-Plg2 50.61 0.00 30.65 0.98 0.00 0.11 13.10 3.75 0.32 0.19 0.19 0.00 99.90 
D10A1L11-
G2-Plg3 50.00 0.17 30.39 0.97 0.00 0.39 13.45 3.31 0.24 0.16 0.00 0.00 99.08 
D10A1L11-
G3-Plg1 50.02 0.00 31.60 0.75 0.00 0.34 14.62 2.98 0.21 0.00 0.00 0.00 100.52 
D10A1L11-
G3-Plg2 50.56 0.00 31.05 0.44 0.00 0.22 13.81 3.23 0.22 0.00 0.00 0.00 99.53 
D10A1L11-
G3-Plg3 49.13 0.33 31.41 0.71 0.00 0.23 14.06 3.33 0.13 0.00 0.00 0.00 99.33 
D10A1L11-
G3-Plg4 50.90 0.32 30.94 0.85 0.00 0.16 13.42 3.77 0.14 0.00 0.00 0.00 100.50 
D10A1L11-
G4-Plg1 50.34 0.00 31.75 0.61 0.00 0.33 14.09 3.28 0.20 0.00 0.00 0.00 100.60 
D10A1L11-
G5 49.66 0.30 30.70 0.78 0.00 0.36 14.14 3.31 0.20 0.00 0.00 0.00 99.45 
D10A1L11-
G6-PLG1 49.04 0.00 31.88 0.62 0.00 0.28 14.58 2.95 0.18 0.00 0.00 0.00 99.53 
D10A1L11-
G6-PLG2 50.74 0.22 31.16 0.77 0.00 0.11 13.86 3.40 0.14 0.00 0.00 0.00 100.40 
D10A1L11-
G6-PLG3 51.55 0.00 30.94 0.87 0.00 0.00 13.59 3.55 0.20 0.00 0.00 0.00 100.70 
D10A1L11-
G6-PLG4 50.72 0.16 30.21 1.05 0.00 0.26 12.62 3.41 0.28 0.00 0.00 0.00 98.71 
D10A1L11-
G6-PLG5 50.18 0.00 31.45 0.78 0.00 0.23 14.15 3.32 0.11 0.00 0.00 0.00 100.22 
D10A1L12-
G1-Plg1 49.32 0.00 31.20 0.68 0.00 0.19 13.80 3.14 0.11 0.00 0.00 0.00 98.44 
D10A1L12-
G1-Plg2 49.92 0.16 30.83 0.51 0.00 0.11 13.78 3.21 0.12 0.00 0.00 0.00 98.64 
D10A1L12-
G2-Plg1 50.26 0.17 31.44 0.62 0.00 0.10 14.32 3.34 0.25 0.00 0.00 0.00 100.50 
D10A1L12-
G2-Plg2 51.28 0.23 30.93 1.20 0.00 0.31 13.69 3.61 0.12 0.00 0.00 0.00 101.37 
D10A1L12-
G2-Plg3 50.62 0.17 29.75 1.09 0.00 0.38 12.94 3.62 0.30 0.00 0.00 0.00 98.87 
D10A1L12-
G3 50.21 0.00 31.34 0.89 0.00 0.21 14.24 3.17 0.31 0.00 0.00 0.00 100.37 
D10A1L12-
G4 48.76 0.19 32.17 0.78 0.00 0.10 14.61 2.97 0.18 0.16 0.00 0.13 100.05 
D10A1L12-
G5 50.70 0.00 31.58 0.98 0.00 0.13 13.41 3.60 0.19 0.00 0.00 0.00 100.59 
D10A1L12-
G6 49.38 0.20 31.12 0.60 0.00 0.23 13.78 3.42 0.21 0.00 0.00 0.00 98.94 
D10A1L12-
G7 49.46 0.00 31.88 0.72 0.00 0.00 14.33 3.16 0.13 0.00 0.00 0.00 99.68 
D10A1L12-
G8 47.48 0.31 31.95 0.52 0.00 0.15 14.84 2.74 0.18 0.20 0.00 0.00 98.37 
C7. Black Point (Site A) olivine major-element analysis 
LABEL SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O SO3 K2O Cr2O3 P2O5 Total 
D10A1L1-
G1-Ol1 39.67 0.00 0.00 18.69 0.00 40.22 0.40 0.00 0.00 0.00 0.00 0.00 98.98 
D10A1L1-




G2-Ol1 40.05 0.00 0.00 17.46 0.32 42.31 0.35 0.00 0.00 0.00 0.00 0.00 100.49 
D10A1L1-
G2-Ol2 39.41 0.00 0.00 17.33 0.00 41.40 0.38 0.00 0.00 0.00 0.00 0.00 98.52 
D10A1L1-
G3-Ol1 38.84 0.00 0.00 17.55 0.00 41.62 0.29 0.00 0.00 0.00 0.00 0.00 98.30 
D10A1L1-
G3-Ol2 38.96 0.00 0.00 18.81 0.40 40.21 0.34 0.00 0.00 0.00 0.00 0.00 98.72 
D10A1L1-
G3-Ol3 39.03 0.00 0.00 17.74 0.00 41.53 0.29 0.00 0.00 0.00 0.00 0.00 98.59 
D10A1L1-
G3-Ol4 39.31 0.00 0.00 18.82 0.00 41.14 0.35 0.00 0.00 0.00 0.00 0.00 99.62 
D10A1L1-
G4-Ol1 39.44 0.00 0.00 16.40 0.32 42.77 0.22 0.00 0.00 0.00 0.00 0.00 99.15 
D10A1L1-
G4-Ol2 39.04 0.00 0.00 18.34 0.35 41.22 0.36 0.00 0.00 0.00 0.00 0.00 99.31 
D10A1L1-
G4-Ol3 38.50 0.00 0.00 18.10 0.00 40.87 0.26 0.00 0.00 0.00 0.00 0.00 97.73 
D10A1L1-
G5-Ol1 39.15 0.00 0.00 18.02 0.29 41.43 0.30 0.00 0.00 0.00 0.00 0.00 99.19 
D10A1L1-
G5-Ol2 39.10 0.00 0.00 17.82 0.00 41.63 0.25 0.00 0.00 0.00 0.00 0.00 98.80 
D10A1L1-
G5-Ol3 38.57 0.00 0.00 18.67 0.34 40.57 0.34 0.00 0.00 0.00 0.00 0.00 98.49 
D10A1L1-
G5-Ol4 38.79 0.00 0.00 18.36 0.33 41.34 0.28 0.00 0.00 0.00 0.00 0.00 99.10 
D10A1L1-
G5-Ol5 39.27 0.00 0.00 18.90 0.00 41.10 0.33 0.00 0.00 0.00 0.00 0.00 99.60 
D10A1L1-
G5-Ol6 39.38 0.00 0.00 17.58 0.00 42.09 0.30 0.00 0.00 0.00 0.00 0.00 99.35 
D10A1L1-
G5-Ol7 39.56 0.00 0.00 18.06 0.00 41.96 0.25 0.00 0.00 0.00 0.00 0.00 99.83 
D10A1L2-
G1-Ol1 39.81 0.00 0.18 19.08 0.33 41.95 0.24 0.00 0.00 0.00 0.00 0.00 101.59 
D10A1L2-
G1-Ol2 39.37 0.11 0.49 18.74 0.22 41.30 0.43 0.13 0.00 0.00 0.00 0.00 100.79 
D10A1L2-
G1-Ol3 39.90 0.00 0.39 19.14 0.27 41.26 0.29 0.10 0.00 0.00 0.00 0.00 101.35 
D10A1L2-
G1-Ol4 40.12 0.12 0.29 18.95 0.22 41.21 0.32 0.13 0.00 0.00 0.00 0.00 101.36 
D10A1L2-
G1-Ol5 39.70 0.00 0.36 18.83 0.29 41.08 0.23 0.14 0.00 0.00 0.00 0.00 100.63 
D10A1L2-
G2-Ol1 40.29 0.00 0.19 16.40 0.32 43.96 0.21 0.06 0.00 0.00 0.00 0.00 101.43 
D10A1L2-
G2-Ol2 40.27 0.00 0.15 16.34 0.33 44.36 0.29 0.00 0.00 0.00 0.00 0.00 101.74 
D10A1L2-
G2-Ol3 40.27 0.00 0.28 16.47 0.27 43.58 0.26 0.00 0.00 0.00 0.00 0.00 101.13 
D10A1L2-
G2-Ol4 40.31 0.00 0.18 16.56 0.24 43.96 0.23 0.14 0.00 0.06 0.00 0.00 101.68 
D10A1L2-
G2-Ol5 40.21 0.00 0.15 16.34 0.23 43.52 0.22 0.00 0.00 0.00 0.00 0.00 100.67 
D10A1L2-
G2-Ol6 40.53 0.16 0.18 16.59 0.32 43.91 0.24 0.00 0.00 0.05 0.00 0.00 101.98 
D10A1L2-
G2-Ol7 40.38 0.00 0.13 16.21 0.20 43.48 0.23 0.00 0.00 0.00 0.00 0.00 100.63 
D10A1L2-
G3-Ol1 40.40 0.00 0.20 15.52 0.34 44.02 0.27 0.00 0.00 0.06 0.00 0.00 100.81 
D10A1L2-
G3-Ol2 40.44 0.00 0.11 15.68 0.20 44.42 0.19 0.08 0.00 0.00 0.00 0.00 101.12 
D10A1L2-
G4-Ol1 39.67 0.00 0.17 19.19 0.42 41.49 0.28 0.00 0.00 0.00 0.00 0.00 101.22 
D10A1L2-
G4-Ol2 39.46 0.00 0.14 19.60 0.32 40.85 0.21 0.08 0.00 0.00 0.00 0.00 100.66 
D10A1L2-
G4-Ol3 40.44 0.16 0.18 15.91 0.27 43.18 0.31 0.00 0.00 0.07 0.00 0.00 100.52 
D10A1L2-
G4-Ol4 40.31 0.00 0.18 16.07 0.28 43.89 0.26 0.00 0.00 0.00 0.00 0.00 100.99 
D10A1L2-
G4-Ol5 40.34 0.00 0.08 16.53 0.25 43.84 0.14 0.00 0.00 0.00 0.00 0.00 101.18 
D10A1L2-
G4-Ol6 39.54 0.00 0.00 16.30 0.19 42.83 0.29 0.00 0.00 0.00 0.00 0.00 99.15 
D10A1L2-
G4-Ol7 39.69 0.00 0.18 16.80 0.28 43.03 0.23 0.09 0.00 0.00 0.00 0.00 100.30 
D10A1L2-
G4-Ol8 39.44 0.13 0.13 16.46 0.22 43.20 0.19 0.00 0.00 0.00 0.00 0.00 99.77 
D10A1L2-
G5-Ol1 40.03 0.00 0.15 15.88 0.25 44.12 0.15 0.12 0.00 0.05 0.00 0.00 100.75 
D10A1L2-
G5-Ol2 40.40 0.11 0.13 16.30 0.34 44.26 0.20 0.07 0.00 0.00 0.00 0.00 101.81 
D10A1L3-
G1-Ol1 38.71 0.00 0.00 18.97 0.00 40.60 0.29 0.00 0.00 0.00 0.00 0.00 98.57 
D10A1L3-
G1-Ol2 38.95 0.00 0.00 18.79 0.30 40.71 0.26 0.00 0.00 0.00 0.00 0.00 99.01 
D10A1L3-
G1-Ol3 38.72 0.00 0.00 18.46 0.00 41.28 0.24 0.00 0.00 0.00 0.00 0.00 98.70 
D10A1L3-




G2-Ol1 39.36 0.00 0.00 15.74 0.00 42.83 0.24 0.00 0.00 0.00 0.00 0.00 98.17 
D10A1L3-
G2-Ol2 39.38 0.00 0.00 15.39 0.00 43.01 0.26 0.00 0.00 0.00 0.00 0.00 98.04 
D10A1L3-
G2-Ol3 39.30 0.00 0.00 15.77 0.29 43.23 0.25 0.00 0.00 0.00 0.00 0.00 98.84 
D10A1L3-
G2-Ol4 39.58 0.00 0.00 15.23 0.00 42.97 0.21 0.00 0.00 0.00 0.00 0.00 97.99 
D10A1L3-
G3-Ol1 39.56 0.00 0.00 18.32 0.00 42.31 0.26 0.00 0.00 0.00 0.00 0.00 100.45 
D10A1L3-
G3-Ol2 39.29 0.00 0.00 17.65 0.00 42.08 0.33 0.00 0.00 0.00 0.00 0.00 99.35 
D10A1L3-
G3-Ol3 39.11 0.00 0.00 18.96 0.41 41.46 0.34 0.00 0.00 0.00 0.00 0.00 100.28 
D10A1L3-
G3-Ol4 39.84 0.00 0.00 18.02 0.00 41.66 0.37 0.00 0.00 0.00 0.00 0.00 99.89 
D10A1L3-
G4-Ol1 39.60 0.00 0.00 16.73 0.00 41.66 0.33 0.00 0.00 0.00 0.00 0.00 98.32 
D10A1L3-
G5-Ol1 38.57 0.00 0.00 18.10 0.00 41.33 0.30 0.00 0.00 0.00 0.00 0.00 98.30 
D10A1L3-
G5-Ol2 38.76 0.00 0.00 17.27 0.00 41.49 0.28 0.00 0.00 0.00 0.00 0.00 97.80 
D10A1L3-
G5-Ol3 38.84 0.00 0.00 17.37 0.30 41.77 0.28 0.00 0.00 0.00 0.00 0.00 98.56 
D10A1L3-
G5-Ol4 39.23 0.00 0.00 17.25 0.00 41.70 0.29 0.00 0.00 0.00 0.00 0.00 98.47 
D10A1L3-
G5-Ol5 39.27 0.00 0.00 18.01 0.30 42.23 0.27 0.00 0.00 0.00 0.00 0.00 100.08 
D10A1L3-
G5-Ol6 39.30 0.00 0.00 17.79 0.00 42.16 0.25 0.00 0.00 0.00 0.00 0.00 99.50 
D10A1L3-
G5-Ol7 39.05 0.00 0.00 17.73 0.37 42.26 0.24 0.00 0.00 0.00 0.00 0.00 99.65 
D10A1L3-
G5-Ol8 39.05 0.00 0.00 18.06 0.00 41.83 0.29 0.00 0.00 0.00 0.00 0.00 99.23 
D10A1L3-
G5-Ol9 39.54 0.00 0.00 17.74 0.00 41.94 0.29 0.00 0.00 0.00 0.00 0.00 99.51 
D10A1L3-
G5-Ol10 39.19 0.00 0.00 18.05 0.00 41.69 0.29 0.00 0.00 0.00 0.00 0.00 99.22 
D10A1L4-
G1-Ol1 39.58 0.00 0.00 19.21 0.00 41.54 0.32 0.00 0.00 0.00 0.00 0.00 100.65 
D10A1L4-
G1-Ol2 39.20 0.00 0.00 20.51 0.40 40.78 0.26 0.00 0.00 0.00 0.00 0.00 101.15 
D10A1L4-
G1-Ol3 39.42 0.00 0.00 20.39 0.30 40.48 0.34 0.00 0.00 0.00 0.00 0.00 100.93 
D10A1L4-
G1-Ol4 39.17 0.00 0.00 19.76 0.00 40.44 0.26 0.00 0.00 0.00 0.00 0.00 99.63 
D10A1L4-
G2-Ol1 39.21 0.00 0.00 19.57 0.30 41.00 0.33 0.00 0.00 0.00 0.00 0.00 100.41 
D10A1L4-
G2-Ol2 38.49 0.00 0.00 18.50 0.31 40.40 0.34 0.00 0.00 0.00 0.00 0.00 98.04 
D10A1L4-
G4-Ol1 38.71 0.00 0.00 16.67 0.33 41.84 0.26 0.00 0.00 0.00 0.00 0.00 97.81 
D10A1L4-
G4-Ol2 39.33 0.00 0.00 16.56 0.37 42.33 0.19 0.00 0.00 0.00 0.00 0.00 98.78 
D10A1L4-
G4-Ol3 39.55 0.00 0.00 16.54 0.00 42.70 0.29 0.00 0.00 0.00 0.00 0.00 99.08 
D10A1L4-
G4-Ol4 38.86 0.00 0.00 16.96 0.00 41.49 0.24 0.00 0.00 0.00 0.00 0.00 97.55 
D10A1L4-
G5-Ol1 39.11 0.00 0.00 16.79 0.34 42.46 0.27 0.00 0.00 0.00 0.00 0.00 98.97 
D10A1L4-
G5-Ol2 38.85 0.00 0.00 16.49 0.00 42.51 0.20 0.00 0.00 0.00 0.00 0.00 98.05 
D10A1L4-
G5-Ol3 39.05 0.00 0.00 17.58 0.00 41.79 0.21 0.00 0.00 0.00 0.00 0.00 98.63 
D10A1L4-
G5-Ol4 38.82 0.00 0.00 17.44 0.00 42.06 0.24 0.00 0.00 0.00 0.00 0.00 98.56 
D10A1L4-
G5-Ol5 39.37 0.00 0.00 16.44 0.00 41.76 0.24 0.00 0.00 0.00 0.00 0.00 97.81 
D10A1L4-
G5-Ol6 39.38 0.00 0.00 16.30 0.00 42.60 0.23 0.00 0.00 0.00 0.00 0.00 98.51 
D10A1L5-
G1-Ol1 39.35 0.00 0.00 17.72 0.24 41.39 0.00 0.00 0.00 0.00 0.12 0.00 98.82 
D10A1L5-
G1-Ol2 39.65 0.00 0.00 18.35 0.15 41.11 0.00 0.00 0.00 0.00 0.00 0.00 99.26 
D10A1L5-
G1-Ol3 40.96 0.00 0.00 17.91 0.34 41.17 0.00 0.00 0.00 0.00 0.00 0.00 100.38 
D10A1L5-
G2-Ol1 40.17 0.00 0.00 16.90 0.23 42.98 0.00 0.00 0.00 0.00 0.00 0.00 100.28 
D10A1L5-
G2-Ol2 40.31 0.00 0.00 16.78 0.31 42.62 0.00 0.00 0.00 0.00 0.00 0.00 100.02 
D10A1L5-
G2-Ol3 39.76 0.00 0.00 16.56 0.19 43.02 0.00 0.00 0.00 0.00 0.00 0.00 99.53 
D10A1L5-
G2-Ol4 40.42 0.00 0.00 16.79 0.00 42.79 0.00 0.00 0.00 0.00 0.00 0.00 100.00 
D10A1L5-
G2-Ol5 40.33 0.00 0.00 16.46 0.00 43.44 0.00 0.00 0.00 0.00 0.00 0.00 100.23 
D10A1L5-




G2-Ol7 40.07 0.00 0.00 16.73 0.21 43.40 0.00 0.00 0.00 0.00 0.00 0.00 100.41 
D10A1L5-
G2-Ol8 40.41 0.00 0.00 15.82 0.29 43.87 0.00 0.00 0.00 0.00 0.00 0.00 100.39 
D10A1L5-
G2-Ol9 39.89 0.00 0.00 15.74 0.23 42.90 0.00 0.00 0.00 0.00 0.00 0.00 98.76 
D10A1L5-
G3-Ol1 39.41 0.00 0.00 16.14 0.15 42.29 0.00 0.00 0.00 0.00 0.00 0.00 97.99 
D10A1L5-
G3-Ol2 39.46 0.00 0.00 15.47 0.14 42.26 0.00 0.00 0.00 0.00 0.00 0.00 97.33 
D10A1L5-
G3-Ol3 39.54 0.00 0.00 15.90 0.22 42.59 0.00 0.00 0.00 0.00 0.00 0.00 98.25 
D10A1L5-
G4-Ol1 39.93 0.00 0.00 16.56 0.41 42.79 0.00 0.00 0.00 0.00 0.00 0.00 99.69 
D10A1L5-
G4-Ol2 39.60 0.00 0.00 16.50 0.26 42.10 0.00 0.00 0.00 0.00 0.00 0.00 98.46 
D10A1L5-
G4-Ol3 39.77 0.00 0.00 16.16 0.24 42.75 0.00 0.00 0.00 0.00 0.00 0.00 98.92 
D10A1L5-
G4-Ol4 39.63 0.00 0.00 16.37 0.00 42.11 0.00 0.00 0.00 0.00 0.00 0.00 98.11 
D10A1L6-
G1-Ol1 39.80 0.00 0.00 17.97 0.35 41.43 0.00 0.00 0.00 0.00 0.00 0.00 99.55 
D10A1L6-
G1-Ol2 39.74 0.00 0.00 17.59 0.29 41.66 0.00 0.00 0.00 0.00 0.00 0.00 99.28 
D10A1L6-
G1-Ol3 40.65 0.00 0.00 17.96 0.33 41.09 0.00 0.00 0.00 0.00 0.19 0.00 100.22 
D10A1L6-
G1-Ol4 39.98 0.00 0.00 18.79 0.00 41.41 0.00 0.00 0.00 0.00 0.00 0.00 100.18 
D10A1L6-
G2-Ol1 40.34 0.00 0.00 16.73 0.39 43.65 0.00 0.00 0.00 0.00 0.14 0.00 101.25 
D10A1L6-
G2-Ol2 40.52 0.00 0.00 16.92 0.42 43.17 0.00 0.00 0.00 0.00 0.00 0.00 101.03 
D10A1L6-
G2-Ol3 40.70 0.00 0.00 17.05 0.27 43.55 0.00 0.00 0.00 0.00 0.00 0.00 101.57 
D10A1L6-
G2-Ol4 40.36 0.00 0.00 16.72 0.20 43.45 0.00 0.00 0.00 0.00 0.00 0.00 100.73 
D10A1L6-
G2-Ol5 39.53 0.00 0.00 16.66 0.17 42.39 0.00 0.00 0.00 0.00 0.00 0.00 98.75 
D10A1L6-
G2-Ol6 40.74 0.00 0.00 17.08 0.19 43.75 0.00 0.00 0.00 0.00 0.00 0.00 101.76 
D10A1L6-
G2-Ol7 40.66 0.00 0.00 17.13 0.17 42.97 0.00 0.00 0.00 0.00 0.00 0.00 100.93 
D10A1L6-
G3-Ol1 40.62 0.00 0.00 17.39 0.29 41.81 0.00 0.00 0.00 0.00 0.00 0.00 100.11 
D10A1L6-
G3-Ol2 40.51 0.00 0.00 17.13 0.14 41.37 0.00 0.00 0.00 0.00 0.00 0.00 99.15 
D10A1L6-
G3-Ol3 40.22 0.00 0.00 16.90 0.28 42.03 0.00 0.00 0.00 0.00 0.00 0.00 99.43 
D10A1L7-
G1-Ol1 39.24 0.00 0.18 19.07 0.31 41.08 0.14 0.00 0.00 0.05 0.00 0.00 100.07 
D10A1L7-
G1-Ol2 40.37 0.00 0.18 17.17 0.26 43.29 0.20 0.11 0.00 0.07 0.00 0.00 101.65 
D10A1L7-
G1-Ol3 39.55 0.00 0.15 17.25 0.19 43.07 0.11 0.00 0.00 0.00 0.00 0.00 100.32 
D10A1L8-
G1-Ol1 39.54 0.00 0.00 17.12 0.27 41.82 0.00 0.00 0.00 0.00 0.00 0.00 98.75 
D10A1L8-
G1-Ol2 39.25 0.00 0.00 17.27 0.28 41.47 0.00 0.00 0.00 0.00 0.00 0.00 98.27 
D10A1L8-
G4-Ol1 39.74 0.00 0.00 18.80 0.41 41.80 0.00 0.00 0.00 0.00 0.00 0.00 100.75 
D10A1L9-
G2-Ol1 39.34 0.00 0.11 16.80 0.39 43.63 0.24 0.00 0.00 0.00 0.00 0.00 100.51 
D10A1L9-
G2-Ol2 39.55 0.00 0.00 16.77 0.21 43.17 0.29 0.00 0.17 0.00 0.00 0.00 100.16 
D10A1L9-
G2-Ol3 40.02 0.00 0.00 16.32 0.27 44.07 0.12 0.09 0.00 0.12 0.00 0.15 101.16 
D10A1L9-
G2-Ol4 40.24 0.00 0.00 15.48 0.26 44.00 0.20 0.00 0.00 0.00 0.00 0.00 100.18 
D10A1L9-
G2-Ol5 39.39 0.00 0.13 17.84 0.29 41.29 0.23 0.08 0.00 0.00 0.00 0.38 99.63 
D10A1L9-
G2-Ol6 39.20 0.00 0.32 18.90 0.18 41.35 0.35 0.00 0.00 0.00 0.00 0.51 100.81 
D10A1L9-
G2-Ol7 38.89 0.00 0.24 17.61 0.26 40.54 0.39 0.11 0.00 0.00 0.00 0.38 98.42 
D10A1L9-
G3-Ol1 39.00 0.00 0.00 17.65 0.47 41.90 0.28 0.00 0.00 0.00 0.00 0.31 99.61 
D10A1L9-
G3-Ol2 39.03 0.00 0.00 17.73 0.38 42.11 0.34 0.00 0.14 0.08 0.00 0.25 100.06 
D10A1L9-
G3-Ol3 40.23 0.20 0.16 17.79 0.28 42.49 0.35 0.00 0.00 0.00 0.29 0.00 101.79 
D10A1L9-
G3-Ol4 38.71 0.00 0.16 17.46 0.36 43.24 0.35 0.00 0.17 0.00 0.00 0.21 100.66 
D10A1L10-
G1-Ol1 38.95 0.00 0.13 17.74 0.69 41.17 0.43 0.00 0.00 0.00 0.00 0.32 99.43 
D10A1L10-
G1-Ol2 39.54 0.00 0.18 17.96 0.24 42.41 0.39 0.00 0.00 0.00 0.00 0.51 101.23 
D10A1L10-




G1-Ol4 38.86 0.00 0.00 17.42 0.34 41.68 0.34 0.00 0.00 0.00 0.00 0.25 98.89 
D10A1L10-
G1-Ol5 38.78 0.18 0.25 17.86 0.31 41.29 0.21 0.00 0.00 0.00 0.21 0.00 99.09 
D10A1L10-
G2-Ol1 38.59 0.00 0.00 17.23 0.31 41.75 0.33 0.00 0.00 0.00 0.00 0.29 98.50 
D10A1L10-
G2-Ol2 39.00 0.18 0.60 17.85 0.32 40.86 0.50 0.19 0.00 0.10 0.00 0.36 99.96 
D10A1L10-
G2-Ol3 39.09 0.00 0.21 17.13 0.28 41.21 0.30 0.00 0.00 0.00 0.00 0.00 98.22 
D10A1L10-
G2-Ol4 38.62 0.00 0.14 16.95 0.00 41.83 0.35 0.00 0.00 0.00 0.00 0.40 98.29 
D10A1L10-
G2-Ol5 38.70 0.00 0.00 16.89 0.00 41.54 0.32 0.00 0.00 0.00 0.00 0.50 97.95 
D10A1L10-
G2-Ol6 38.48 0.00 0.00 17.56 0.00 41.30 0.25 0.00 0.00 0.00 0.00 0.29 97.88 
D10A1L10-
G2-Ol7 38.50 0.29 0.00 17.83 0.20 41.23 0.16 0.00 0.00 0.00 0.00 0.35 98.56 
D10A1L10-
G3-Ol1 39.50 0.00 0.30 17.28 0.19 40.96 0.26 0.12 0.00 0.10 0.00 0.28 98.99 
D10A1L10-
G3-Ol2 39.09 0.25 0.11 17.16 0.22 41.43 0.40 0.00 0.00 0.00 0.00 0.35 99.01 
D10A1L10-
G3-Ol3 38.28 0.00 0.00 17.57 0.00 41.40 0.33 0.00 0.00 0.00 0.16 0.42 98.16 
D10A1L10-
G3-Ol4 39.08 0.00 0.14 17.74 0.36 41.19 0.31 0.00 0.00 0.08 0.00 0.16 99.06 
D10A1L10-
G4-Ol1 38.69 0.00 0.21 17.66 0.22 41.09 0.31 0.00 0.00 0.00 0.00 0.30 98.48 
D10A1L10-
G4-Ol2 38.97 0.00 0.11 17.05 0.23 41.59 0.33 0.00 0.00 0.00 0.00 0.53 98.81 
D10A1L10-
G4-Ol3 38.16 0.21 0.00 17.78 0.27 41.16 0.34 0.00 0.00 0.00 0.00 0.24 98.16 
D10A1L10-
G4-Ol4 39.23 0.16 0.00 17.62 0.00 41.83 0.30 0.00 0.00 0.00 0.00 0.00 99.14 
D10A1L10-
G5-Ol1 38.97 0.20 0.11 18.79 0.22 40.93 0.26 0.00 0.00 0.00 0.17 0.60 100.25 
D10A1L10-
G5-Ol2 38.51 0.00 0.25 17.74 0.45 40.53 0.36 0.09 0.00 0.00 0.23 0.27 98.43 
D10A1L10-
G5-Ol3 38.95 0.00 0.22 17.99 0.40 40.49 0.31 0.00 0.00 0.00 0.00 0.55 98.91 
D10A1L10-
G5-Ol4 38.60 0.00 0.60 17.92 0.39 39.64 0.45 0.18 0.00 0.00 0.00 0.36 98.14 
D10A1L10-
G5-Ol5 38.41 0.00 0.14 17.75 0.63 41.20 0.44 0.00 0.00 0.00 0.00 0.41 98.98 
D10A1L11-
G1-Ol1 38.82 0.00 0.12 17.28 0.28 41.31 0.39 0.00 0.23 0.14 0.19 0.21 98.97 
D10A1L11-
G1-Ol2 38.49 0.00 0.49 17.41 0.53 40.64 0.37 0.00 0.00 0.00 0.00 0.59 98.52 
D10A1L11-
G1-Ol3 38.79 0.18 0.15 17.32 0.28 41.35 0.31 0.00 0.00 0.00 0.00 0.35 98.73 
D10A1L11-
G1-Ol4 38.58 0.00 0.00 17.45 0.31 41.35 0.31 0.00 0.00 0.00 0.00 0.25 98.25 
D10A1L11-
G1-Ol5 38.47 0.00 0.13 16.77 0.27 41.61 0.47 0.00 0.00 0.00 0.00 0.52 98.24 
D10A1L11-
G1-Ol6 38.61 0.16 0.00 16.80 0.25 42.26 0.25 0.00 0.00 0.00 0.00 0.34 98.67 
D10A1L11-
G2-Ol1 39.10 0.00 0.00 16.00 0.18 42.72 0.20 0.00 0.00 0.00 0.00 0.00 98.20 
D10A1L11-
G2-Ol2 39.10 0.00 0.50 17.53 0.29 40.85 0.27 0.15 0.00 0.00 0.00 0.00 98.69 
D10A1L11-
G2-Ol3 38.96 0.00 0.32 17.77 0.34 41.31 0.29 0.00 0.19 0.00 0.00 0.55 99.73 
D10A1L12-
G1-Ol1 39.64 0.00 0.15 17.19 0.00 43.18 0.20 0.00 0.00 0.00 0.00 0.00 100.36 
D10A1L12-
G1-Ol2 39.58 0.00 1.65 15.88 0.00 41.17 0.55 0.41 0.00 0.00 0.00 0.00 99.24 
D10A1L12-
G2-Ol2 39.08 0.00 0.15 17.45 0.00 42.96 0.09 0.00 0.00 0.00 0.00 0.00 99.73 
D10A1L12-
G2-Ol3 38.24 0.18 0.00 18.25 0.00 40.29 0.20 0.12 0.00 0.11 0.00 0.35 97.39 
D10A1L12-
G3 38.30 0.00 0.17 17.29 0.00 41.78 0.31 0.00 0.00 0.00 0.00 0.27 97.85 
D10A1L12-
G4 38.77 0.21 0.14 17.17 0.30 42.01 0.33 0.12 0.00 0.00 0.00 0.00 99.05 
D10A1L12-





Appendix D. Three-dimensional vesicle data 
D1. Pahvant Butte all grains summary 
















1 lower mound 2.8 0.69 1.7071 0.0023 16.58 723.7 
2 " 2.9 0.92 0.7367 0.0010 22.01 447.2 
3 " 3.1 0.77 2.5919 0.0018 16.61 852.6 
PBm1510.2 
1 " 2.8 0.46 0.7738 0.0033 25.93 501.9 
2 " 2.4 0.86 3.3099 0.0008 13.41 470.0 
PBm1520 
1 mid mound 7.4 17.50 1.0956 0.0006 27.63 454.7 
2 " 6.8 13.05 2.9819 0.0006 16.41 610.9 
3 " 7.1 18.01 1.6938 0.0004 28.29 330.9 
PBm1535 
1 upper mound 4.7 7.87 0.6886 0.0003 32.41 296.1 
2 " 3.8 0.46 0.7738 0.0033 25.93 501.9 
3 " 2.9 3.03 2.6389 0.0004 16.16 509.6 
D3A2L5 
1 mid mound 4.8 5.28 0.3412 0.0003 38.99 148.6 
2 " 4.8 2.71 1.2722 0.0004 23.73 433.8 
3 " 4.4 6.95 0.8445 0.0006 28.35 327.1 
4 " 4.9 5.59 4.5447 0.0001 8.80 215.5 
D3A2L6 
1 mid mound 3.2 1.98 1.0425 0.0004 27.97 417.9 
2 " 4.3 3.16 2.5905 0.0005 19.47 523.6 
3 " 3.5 5.18 3.7363 0.0008 13.98 449.3 
D3A2L10 
1 " 4.7 6.69 2.1409 0.0002 28.15 257.3 
2 " 3.1 2.61 0.7081 0.0004 23.46 308.4 
3 " 4.7 6.00 0.4774 0.0005 42.63 86.6 
D5A1L1 
1 lower mound 2.7 1.79 1.0216 0.0007 16.75 425.8 
2 " 3.9 3.86 1.0379 0.0004 28.49 259.7 
3 " 3.0 3.18 1.9453 0.0005 19.84 449.5 
Dmax= original maximum grain diameter; VOI= volume of interest; Fclosed= closed vesicularity; Err Fclosed= error 









D2. Black Point all grains summary 
















1 lower mound 8.1 11.10 0.0682 0.0001 51.46 46.4 
2 " 7.7 19.28 0.6103 0.0006 30.86 219.7 
3 " 6.2 8.69 1.6302 0.0004 16.34 379.7 
4 " 7.3 12.09 0.0239 0.0002 53.5 37.2 
BPe1986.6 
1 mid mound 4.3 3.69 1.5988 0.0008 24.32 580.0 
2 " 4.1 5.96 0.7852 0.0006 28.10 431.9 
BPe2001.6 
1 mid mound 5.9 11.32 1.0263 0.0002 26.33 161.6 
2 " 6.5 8.83 1.0349 0.0007 31.18 413.1 
3 " 6.3 11.50 0.0163 0.0001 59.11 28.5 
BPe2011.6 
1 upper mound 8.0 16.57 1.5876 0.0010 32.81 368.4 
2 " 7.7 27.60 7.9061 0.0002 25.43 373.4 
Site A 
BPa1996 
1 lower 3.1 4.20 0.5067 0.0008 28.16 325.93 
2 " 5.6 4.22 0.0595 0.0002 41.36 92.9 
BPa1996.2 
1 lower 2.7 1.45 7.2463 0.0004 22.29 1094.2 
2 " 3.0 1.60 1.4239 0.0005 22.21 538.0 
BPa1997.1 
1 mid 4.4 5.85 4.0140 0.0003 11.88 485.4 
2 " 3.4 3.25 3.2482 0.0002 9.00 366.8 
Mound 
D11A1L1 
1 lower mound 3.9 2.36 0.4196 0.0016 35.33 205.3 
2 " 2.7 2.72 0.9725 0.0009 23.91 622.5 
D11A1L2 
1 lower mound 2.6 1.52 0.8669 0.0005 27.00 438.6 
2 " 2.9 1.52 0.2810 0.0004 34.98 289.5 
D11A1L3 
1 lower mound 3.0 2.07 1.7874 0.0005 22.65 528.4 
2 " 2.4 0.25 0.4331 0.0010 23.07 645.2 
3 " 3.4 1.77 2.9475 0.0003 16.65 430.3 
D11A1L4 
1 mid mound 4.3 3.33 1.3416 0.0018 20.53 474.3 
2 " 2.6 1.05 2.0518 0.0004 14.89 479.9 
3 " 3.4 2.57 3.9048 0.0004 15.96 737.0 
Site A 
D10A1L3 
1 lower 2.4 0.74 0.4101 0.0012 28.65 362.5 
2 " 1.3 0.20 0.8918 0.0021 24.99 665.2 
3 " 2.3 0.29 0.6290 0.0032 26.84 683.1 
4 " 1.3 0.15 1.3291 0.0027 19.64 830.1 
D10A1L4 
1 lower 2.8 1.11 0.4458 0.0023 38.33 364.2 
2 " 3.1 2.06 0.3741 0.0004 32.51 312.3 
3 " 3.5 1.90 0.7804 0.0008 30.29 519.6 
4 " 2.9 1.51 2.1639 0.0005 20.64 547.3 
D10A1L6 
1 mid 3.6 1.69 0.1866 0.0004 38.21 173.0 
2 " 3.6 1.84 0.6529 0.0010 32.07 436.8 
3 " 3.8 1.99 0.1705 0.0007 36.22 267.5 
4 " 3.6 2.35 0.6661 0.0008 26.45 424.3 
Dmax= original maximum grain diameter; VOI= volume of interest; Fclosed= closed vesicularity; Err Fclosed= error 
closed vesicularity; Ftot= total vesicularity Nv= vesicle number density 
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D3. Pahvant Butte and Black Point individual grain characteristics 
Files included as electronic material. 
 
Appendix E. Additional experimental data 
E1. Specifics of experimental test-runs 
Experiment name 
P-Drive 
(mpa) Medium Plug Seal Particle type 
Particles 
conditions 
gas/water jet 01 1.3 water paper none none n/a 
gas/water jet 02 1.3 water none none none n/a 
gas/water jet 03 1.3 water none none none n/a 
gas/water jet 04 0.5 water none none none n/a 
gas/water jet 05 0.5 water none none none n/a 
gas/water jet 06 1.0 water none none none n/a 
gas/water jet 07 1.0 water none none none n/a 
gas/water beads jet 
01 0.5 water paper none 
red and white 
glass beads water-saturated 
gas/water beads jet 
02 
0.7 water sticky tape none 
red and white 
glass beads water-saturated 
gas/water beads jet 
03 0.5 water paper none 
red and white 
glass beads water-saturated 
 
E2. Experimental jet/plume volumes  
  Time (s) Jet Volume (cm3) Water displacement volume (cm3) 
entrained tank water 
volume (cm3) 
RUN 13 
0.029 439.77 250.88 188.89 
0.049 1030.03 627.71 402.32 
0.069 1354.93 942.08 412.85 
0.089 2174.96 942.08 1232.88 
0.109 2427.27 960.51 1466.76 
RUN 14 
0.028 373.62 250.88 122.74 
0.058 1354.93 816.13 538.8 
0.088 2215.8 1004.54 1211.26 
APPENDICES 
 239 
0.118 3463.07 1381.38 2081.69 
0.148 4169.34 1317.89 2851.45 
RUN 15 
0.032 307.5 247.81 59.69 
0.039 483.34 433.15 50.19 
0.046 938.14 433.15 504.99 
0.053 1229.79 371.71 858.08 
0.06 1461.6 433.15 1028.45 
RUN 16 
0.032 417.1 186.37 230.73 
0.04 708.91 248.83 460.08 
0.048 881.5 311.3 570.2 
0.056 1240.16 497.66 742.49 
0.064 1564.98 559.1 1005.88 
RUN 17 
0.031 96.54 61.44 35.1 
0.04 384.9 245.76 139.14 
0.049 713.03 368.64 344.39 
0.058 1035.63 429.06 606.58 
0.067 1362.65 429.06 933.59 
RUN 18 
0.04 695.06 363.52 331.54 
0.05 959.65 484.35 475.3 
0.06 1131.43 544.77 586.66 
0.07 1421.81 727.04 694.77 
0.08 1713.4 605.18 1108.21 
RUN 19 
0.042 651.39 250.88 400.51 
0.054 884.05 376.83 507.22 
0.066 1144.56 565.25 579.31 
0.078 1572.33 627.71 944.62 
0.09 1646.15 565.25 1080.9 
RUN 20 
0.029 143.73 124.93 18.8 
0.037 452.28 248.83 203.45 
0.045 642.73 436.22 206.51 
0.053 828.62 373.76 454.86 
0.061 1134.81 436.22 698.59 
RUN 22 
0.028 401.85 187.39 214.46 
0.036 868.36 311.3 557.06 
0.044 1061.59 622.59 439 
0.052 1441.26 561.15 880.1 
0.06 1812.85 561.15 1251.7 
RUN 23 
0.027 163.93 62.46 101.47 
0.036 599.21 311.3 287.91 
0.045 1026.29 498.69 527.61 
0.054 1213.44 498.69 714.75 
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0.063 1333.72 498.69 835.04 
RUN 24 
0.025 296.37 120.83 175.54 
0.055 1249.15 545.79 703.35 
0.085 1928.38 728.06 1200.32 
0.115 2547.1 1092.61 1454.49 
0.145 2841.43 1031.17 1810.26 
 
E3. Particle diameter / nozzle diameter ratios 
Material range 
glass beads 6.6x10-3 - 1x10-2 
quartz sand 8.3x10-3 – 1.2x10-2 
ceramic particles 6.6x10-2 – 9.3x10-2 
fine basaltic ash < 5.3x10-4 
coarse pumiceous ash 5x10-2 – 6.6x10-2 
 
Appendix F. New Surtsey three-dimensional vesicle data 
Introduction and results 
There is little published vesicle data for Surtsey. Moore (1985) reports average 
vesicularity of 40-50% through the drill hole. For this study, although only for one sample 
(176.0 m), I report the first 3D vesicle data for Surtsey. The methodology concerning sample 
selection and type of analysis (data acquisition + data analysis) is the same as for Pahvant 
Butte and Black Point. Selected grains (five in total) are in the minimum size fractions of very 
coarse ash-fine lapilli (White and Houghton, 2006). Results (summary reported in Appendix 
F1) show lower vesicularities than other works, and this lies in the choice of the grain size, 
besides the higher accuracy of 3D versus 2D data. 
Total vesicularity (Ftot) for the grains analysed, is similar to those of Pahvant Butte 
and Black Point samples, from 13% to 36%. Closed vesicularity (Fclosed) is ~ 0.3% - 3%. 
These two parameters appear to be related by an inverse relationship, as expected if reduced 
total vesicularity correlates with less-intense coalescence/ripening and increase chance to 
preserve closed vesicles within a portion of magma.  
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The vesicle number density (Nv) (Fig. F1) covers a wide range of values for the 
sample investigated at Surtsey (Nv= 273-1755 vesicles/mm3) and the vesicle volume 
distributions (non-cumulative, VVD and cumulative, CVVD) indicate different vesiculation 
behaviour and variability at the scale of individual grains (Fig. F2). As highlighted in previous 
chapters, the flat geometry of the cumulative curve indicates coalescence (+/- intense) among 
bubbles, and this feature is evident for three of the five grains analysed (176.0_2, 176.0_3 and 
176.0_4), while less evident for the grains with the lowest vesicularities (176.0_1 and 
176.0_5). All the distributions fit power laws, with equation exponent varying between -0.72 
(176.0_5) and 1.08 (176.0_4). As observed for Pahvant Butte and Black Point, and pointed 
out by Bai et al. (2008), there is a direct linear relationship between the negative power law 
exponent and the total vesicularity (Fig. F3), which is in turn inferred to be related to foam 
formation as a precursor of fragmentation. One grain (176.0_3) seems to deviate from this 
behaviour, because of the relatively low power law exponent and relatively higher 
vesicularity, but that can be explained by the complexity of the cumulative curve, which is 
characterised by multiple obvious slopes and steps, altering the exponent value. This 
behaviour, as observed for Pahvant Butte and Black Point samples (at a lower degree), can be 
accounted for multiple bubble nucleation/growth events (Bai et al., 2008).  
Overall, based on vesicularity inferences on Pahvant Butte and Black Point, and 
previous works (Bai et al., 2008), features such as low vesicularity, high vesicle number 
density and low power law exponent, are indicators of early stages of degassing, which is the 
case for 176.0_3. However, other grains from the same sample, indicate multiple bubble 
nucleation/growth events and coalescence, which are thought to represent later stages of 
degassing. The measured water content for a grain at this level is low, implying extensive 
degassing. This variation at the scale of the individual stratigraphic level may be associated 
with particle recycling (Schipper and White, 2016) or magma heterogeneity in the conduit 
(Schipper et al., 2016). 
Discussion and summary  
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Vesicle-population data for the three volcanoes are also in a similar range, but all of 
them highlight variations at the scale of individual stratigraphic units. These variations may 
be related to particle recycling, or to heterogeneity of the magma, which in turn can depend 
on factors like multiple nucleation events, at times stopped by hydromagmatic explosions as 
inferred for Pahvant Butte and Black Point. Surtsey, however, shows more-pronounced 
features of multiple stages of bubble nucleation/growth, which can be in part related to the 
magma recharging and mixing inferred taking place beneath Surtsey (Schipper et al. 2016). 
In spite of the different geochemical magma evolution, and the slightly different 
vesicle features found at Surtsey, Pahvant Butte and Black Point, these volcanoes share 
eruption dynamics, now widely accepted as being representative of Surtseyan volcanism. 
Therefore, external factors such as initial eruption water depth and availability of external 
water, seem to play a role becoming always more important for this particular style of 
eruption.  
 Certainly, the complexity of the feeding system, both at a regional and at a more local 
scale (e.g., magma supply, magma evolution history, shallow conduit conditions in terms of 
crystals and volatiles), all may affect the duration and extent of Surtseyan eruptions, with 
possible shifts or breaks in the activity, but the main eruptive process, as Surtsey, Pahvant 













Dmax= original maximum grain 





















176.0_1 bottom core 1960 0.45 2.70 0.0075 15.1 1755.2 -0.87 
176.0_2 bottom core 1980 0.39 1.64 0.0028 30.9 1058.4 -0.92 
176.0_3 bottom core 1580 0.33 0.46 0.0019 36.2 272.8 -0.76 
176.0_4 bottom core 2130 0.39 0.25 0.0016 34.8 444.9 -1.08 




Fig. F1. Vesicle number density (Nv) bar charts from the 1979 drill hole at Surtsey for sample 176.0 (bottom of 









Fig. F3. Total vesicularity versus power law exponent plot. Note the direct relationship between these two 
parameters. Grain 176.0_3 (circled) represents an exception to this trend (see text for details). 
 
